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Rare earth elements are in high demand in the United States. Independence from the 
importation of rare earths is essential to alleviate dependence on China for these rare earth 
elements. Bastnaesite, a rare earth fluorocarbonate, is one of the most abundant sources of rare 
earths in the United States. It is a fluorocarbonate mineral containing primarily cerium and 
lanthanum. The largest rare earth mine in the United States is Mountain Pass.  
This research was done to find a way to combine flotation with novel collectors and 
gravity separation techniques to reach an enhanced grade and recovery of rare earth elements 
while rejecting the gangue minerals, calcite, barite and silicate minerals. The main economic 
driving force is the price of hydrochloric acid in downstream processes, as calcite is an acid 
consumer. Surface chemistry analysis was completed using adsorption density, zeta potential, 
and microflotation on both gravity concentrates and run of mine ore samples. Four collectors 
were examined. These were N,2.dihydroxybenzamide, N-hydroxycyclohexanecarboxamide, N,3. 
dihydroxy-2.naphthamide, and N-hydroxyoleamide. Through this analysis it was determined 
that, to obtain the desired results, that flotation would be the rougher stage and the gravity 
separation would be utilized as the cleaner stage. Bench scale flotation tests were conducted on 
the run of mine ore using conditions that were determined using a previously calculated Stat 
Ease model. The bench tests that produced the most desirable results were then scaled up to a 10 
kilogram float test. A concentrate from this test showed a rare earth oxide grade of 44%, while 
rejecting 91% of the calcite. This concentrate was used for gravity separation. Through gravity 
separation it was found that another 40% of the calcite could be rejected with a final rare earth 
oxide grade of 47% in the concentrate that was produced. 
iv 
 
Through economic analysis and the results from this project the use of gravity separation 
is not economical as a cleaner stage and more research should be done on flotation using lock 
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CHAPTER 1: INTRODUCTION 
 
 Rare earth elements are an essential part of technological growth and development. 
Finding a cheap source of rare earth containing minerals is necessary for this growth to continue. 
This study focuses on the beneficiation of bastnaesite, a rare earth fluorocarbonate from an ore 
provided by the Mountain Pass mine. The driving economic force is the cost of hydrochloric 
acid, since calcite is an acid consumer. Studies have been completed by flotation using 
hydroxamates as collectors to float the bastnaesite while rejecting the gangue minerals, calcite, 
barite, dolomite and silicate minerals. There have also been studies on physical separation 
techniques to upgrade the rare earth concentrate prior to flotation. The focus of this research was 
to study ways to incorporate both flotation and physical separation to produce a high grade rare 
earth concentrate that would then be leached using hydrochloric acid. The final goal was to show 





CHAPTER 2: LITERATURE REVIEW 
2.1 Rare Earths 
Rare earths are a group of 17 elements that have similar chemical characteristics. They 
include scandium, yttrium and the lanthanide series. The rare earths and their place on the 
periodic table are shown in Figure 2.1. They were discovered over a period of 160 years from 
1788 until 1941. Since they do not occur in a pure form they need to be separated from gangue 
minerals purified. Modern separation methods were developed in the 1960s, this led to large 
scale production and evaluation of their properties. [1]  
 
Figure 2.1: Rare earth elements, broken up into lights and heavies on the periodic table. [2] 
 
 Rare earth elements are used in catalytic converters, light phosphors, glass polishing, 
digital camera lenses and batteries. Their optical, electrochemical, and magnetic properties are 
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some of what makes them desirable in technology today. A list of some of the uses for each of 
the rare earth elements can be found in Table 2.1. 
 
Table 2.1: List of rare earth elements and their uses. [3] 
Z ELEMENT SYMBOL USE 
21 Scandium Sc Aerospace framework, high-intensity street lamps, high 
performance equipment 
39 Yttrium Y TV sets, cancer treatment drugs, enhances strength of alloys 
57 Lanthanum La Camera lenses, battery-electrodes, hydrogen storage 
58 Cerium Ce Catalytic converters, colored glass, steel production 
59 Praseodymium Pr Super-strong magnets, welding goggles, lasers 
60 Neodymium Nd Extremely strong permanent magnets, microphones, electric 
motors of hybrid automobiles, laser 
61 Promethium Pm Not usually found in Nature 
62 Samarium Sm Cancer treatment, nuclear reactor control rods, X-ray lasers 
63 Europium Eu Color TV screens, fluorescent glass, genetic screening tests 
64 Gadolinium Gd Shielding in nuclear reactors, nuclear marine propulsion, 
increases durability of alloys 
65 Terbium Tb TV sets, fuel cells, sonar systems 
66 Dysprosium Dy Commercial lighting, hard disk devices, transducers 
67 Holmium Ho Lasers, glass coloring, High-strength magnets 
68 Erbium Er Glass colorant, signal amplification for fiber optic cables, 
metallurgical uses 
69 Thulium Tm High efficiency lasers, portable x-ray machines, high 
temperature superconductor 
70 Ytterbium Yb Improves stainless steel, lasers, ground monitoring devices 





2.2  Rare Earth Deposits 
Rare earth elements do no occur in their elemental state naturally. They are found in other 
mineral deposits. Rare earth deposits are found worldwide, but only a few are used for the 
production of rare earths. China produces the majority of rare earths today. A summary of the 
global rare earth production by country can be found in Table 2.2. 
 
Table 2.2: Rare earth production by country in 2015 and 2016. [4] 
 Mine production  
Country 2015 2016 Reserves 
United States 5,900 - 1,400,000 
Australia 12,000 14,000 3,400,000 
Brazil 880 1,100 22,000,000 
Canada - - 830,000 
China 105,000 105,000 44,000,000 
Greenland - - 1,500,000 
India 1,700 1,700 6,900,000 
Malaysia 500 300 30,000 
Malawi - - 136,000 
Russia 2,800 3,000 18,000,000 
South Africa - - 860,000 
Thailand 760 800 NA 
Vietnam 250 300 22,000,000 
World total (rounded) 130,000 126,000 120,000,000 
 
One such mineral deposit is bastnaesite, a rare earth fluorocarbonate. Bastnaesite is found 
in vein deposits and contains as much as 75% rare earth oxide. It is primary composed of cerium 
and lanthanum. [1] There are two major bastnaesite deposits in the world, Bayan Obo in China 
and Mountain Pass in the United States. Bayan Obo is a deposit of approximately 800 million 
metric tons, while Mountain Pass is a deposit of approximately 3.3 million metric tons. The 
Mountain Pass Mine is located in Southern California. It was found in 1949 as the largest rare 
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earth deposit known up to that point.  The gangue minerals of Mountain Pass are primarily 
calcite, barite, dolomite and silicate minerals. [5] 
2.3 Rare Earth Market 
Currently, China has been able to corner the market on rare earths producing 85% of the 
world’s rare earth production in 2016. [6] This is illustrated in Figure 2.2. Before the Bayan Obo 
bastnaesite deposit was discovered the United States dominated global rare earth production. 
Mountain Pass was the United States’ only producing rare earth mine before the company that 
owned it went into bankruptcy in 2015. [7] Because of this the United States fully relies on 
foreign sources for its rare earth supply. [8] Economical rare earth sources from within the 
United States are needed, so that there will no longer be a dependence on China for these 
elements.  
 
Figure 2.2: Global rare earth production starting in 1950 until 2000. Illustrating the dominance of 
China in rare earth production. [9] 
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 Rare earth prices depend on the purity and state of the element. A pure metal is worth 
more than the metal oxide. Because of the amount of rare earths that China produces, the price is 
controlled by their export quota. In 2010 the price jumped, possibly due to a reduction in China’s 
rare earth export quota. [10] The current rare earth metal prices are shown in Table 2.3.  
 
Table 2.3: Rare earth metal prices. [11] 
Rare Earth Metal Price (USD)/kg 
Lanthanum (>99%) $7.00 
Cerium (>99%) $7.00 
Praseodymium (>99%) $85.00 
Neodymium (>99.5%) $60.00 
Samarium (>99.9%) $7.00 
Gadolinium (>99.9%) $55.00 
Terbium (>99.5%) $550.00 
Dysprosium (>99%) $350.00 
Erbium (>99.9%) $95.00 
Yttrium (>99.9%) $35.00 
Scandium (99.9%) $15,000.00 
 
2.4 Rare Earth Mineral Processing 
Rare earths are processed based on their ore body and specific minerals in which they are 
contained. Mines typically upgrade the ore before a leach is done to obtain the rare earths. Two 
common upgrading methods are flotation and physical separation. 
The primary rare earth mineral at the Mountain Pass mine in bastnaesite. The mine used a 
rougher and cleaner flotation process to produce a 60% rare earth oxide concentrate, which was 
further processed to produce pure rare earth oxides. [12] The process begins with a crushing and 
grinding circuit. The ore is crushed with an impact, jaw and cone crusher, followed by grinding 
in a ball and rod mill. Cyclones are used to separate out material of the desired size for flotation. 
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The oversized material gets reground in a ball mill. [13] A simplified flow sheet is shown in 
Figure 2.3, while the full old version of the flow sheet is shown in Figure 2.4. If the United 
States is to regain footing in the rare earths market, then Mountain Pass needs to be reopened. 
Currently the Mountain Pass mine is in the process of being purchased by an investor group with 
ties to China. [7] 
 Bear Lodge, an upstart rare earth carbonite mine in Wyoming, has made attempts to 
produce a rare earth concentrate using physical separation methods. Their plan is to use gravity 
and magnetic separation as upgrading methods, then use an acid leach to extract the rare earths. 
It was reported that while using the physical separation methods the mine would be able to 
obtain an 88% recovery of rare earth oxides with a 55% mass pull. [14] 
2.5 Flotation Surface Chemistry 
True flotation is to selectively render desired minerals hydrophobic, allowing them to 
attach to air bubbles. It is a three phase process with many variables within each phase. [15] An 
illustration of the principle of froth flotation is shown in Figure 2.5. From the figure one can see 
the three phases of flotation, the pulp, air and the mineralized froth. A surface chemistry analysis 
is needed to understand the ability of reagents, collectors and depressants to selectively attach to 














Figure 2.5: An illustration of froth flotation. [15] 
 
2.5.1 Mineralogical Analysis 
The composition of the ore body needs to be understood before any surface chemistry 
analysis can be completed.  A mineral liberation analysis (MLA) of a representative sample can 
be used to determine the size that the particles need to be for the desired mineral to be liberated 
enough for flotation to be effective. Fine particles can negatively impact the effectiveness of 
flotation, while larger particles will not have enough liberation to be selective. 
X-Ray fluorescence (XRF) is an analytical technique used to determine the composition 
of representative samples on an elemental level.  It is a non-destructive technique that measures 
the secondary X-ray when it is excited from a primary X-ray. When an electron from the atom’s 
inner shell is removed by an X-ray another electron fills the spot and drops to a lower energy 
state. This drop releases a secondary X-ray which is captured by the XRF machine.  The spectra 
is analyzed by the characteristic XRF peaks associated with each element. [16] 
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Another necessary mineralogical analysis for understanding flotation is the Brunauer-
Emmett-Teller (BET) surface area analysis. It measures the specific surface area and pore size in 
particles by adsorption of nitrogen onto the mineral surface.  Nitrogen gas is adsorbed onto the 
surface of the particle and used to determine the surface area using an adaptation of the 
Langmuir theory describing monolayer and multilayer adsorption. [17] 
2.5.2 Reagents 
Collectors are used to adsorb onto the surface of desired minerals rendering them 
hydrophobic. They typically have a polar and a non-polar group. The non-polar group is often a 
long chain of hydrocarbons that render the particle hydrophobic because of the change in surface 
charge. As the length of the hydrocarbon tail increases the hydrophobicity also increases, but the 
solubility of the collector decreases, limiting the chain length. The polar group determines the 
selectivity of the collector due to their chemical, electrical or physical attraction to the particle. 
[15] This relationship can be seen in Figure 2.6. They are used in particular amounts so as to not 
oversaturate the solution and float undesirable minerals. Because of the development of 
multilayer adsorption, increased concentration of a collector can adversely affect the recovery of 
the desired mineral.  
 




Collectors are broken up into two groups, anionic collectors and cationic collectors. 
Anionic collectors are the most commonly used for bastnaesite flotation. Collectors used or 
researched for the Mountain Pass mine material include fatty acids and hydroxamates. [1] Fatty 
acids are inexpensive, but require the use of depressants and heat because their selectivity is low. 
Hydroxamic acids have been researched for the flotation of bastnaesite because they are more 
selective than fatty acids and do not require the addition of heat to effectively recover 
bastnaesite. [18] Results from testing have shown that hydroxamates are effective for the 
flotation of cerium and lanthanum, while they are less effective for niobium and yttrium. [19] It 
is theorized that the reason for hydroxamates being so effective is chelation. Chelation is a type 
of bonding that allows two or more bonds to form between a ligand and a separate metal ion. 
[20] Another reason that hydroxamates are more selective is that the gangue minerals associated 
with bastnaesite do not form as stable complexes as the rare earth bearing minerals with the 
hydroxamates. [21] 
Common depressants for this system include soda ash and ammonium lignin sulfonate. 
Soda ash is used as a pH modifier, but also acts to control the carbonate anions. [1] In the 
presence of barite the carbonate anions coat the surface of barite, changing it into barium 
carbonate which acts as a depressant for barite in the process. [21] Ammonium lignin sulfonate 
acts as a depressant for barite as well at high pH. At a higher pH the potential on the surface 
barite is positive, while calcite and bastnaesite are negative, making the ammonium lignin 
sulfonate attach more easily to its surface. [22] 
2.5.3 Adsorption 
Adsorption is studied to determine how a collector adsorbs onto the surface of a particular 
mineral. Adsorption can be chemical or physical. During physical adsorption no activation 
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energy is required, so equilibrium is reached quickly and it is easily reversible. An activation 
energy is required for chemical adsorption and it is limited to a monomolecular adsorption later. 
[23] Multilayer adsorption occurs, until a critical micelle concentration is reached, only by 
physical adsorption as seen in Figure 2.7.  
 
Figure 2.7: An illustration of multilayer adsorption. [23] 
 
 Because physical adsorption requires less energy, many of the molecules will be attracted 
to the surface of the mineral. Chemical adsorption occurs when the molecules get close enough 
to the mineral surface that chemical adsorption becomes a favorable reaction. The molecules 
become attracted to the surface because of van der Waals interactions, which develop an energy 
minimum allowing chemical adsorption to more easily occur. [23] Physical adsorption is 
necessary for chemical adsorption to happen because of this energy minimization developed 
because of the physical adsorption. Adsorption is generally an endothermic process, and this is 
no different for the adsorption of hydroxamates onto a bastnaesite surface. [21] 
 Increased concentration of the collector in the solution increases the probability that the 
collector will form multilayer adsorption onto the mineral surface. Multilayer adsorption is 
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advantageous when the critical micelle concentration it reached, because it will drastically 
increase the recovery of the desired mineral. During monolayer formation the surface charge is 
not reversed so the surface will remain hydrophobic, when multilayer adsorption occurs the 
polarity can be reversed. [23] This phenomena can be seen in Figure 2.8.  
 
Figure 2.8: The effect of multilayer adsorption on a mineral surface. [23] 
 
 To find the ideal concentration of a collector for flotation adsorption isotherms are 
developed. An example of an adsorption isotherm can be seen in Figure 2.9. As seen in the 
figure, not only does concentration have an effect on multilayer formation, but temperature does 
as well. This is because of the low energy requirement of physical adsorption onto the ends of 
the collectors.  
 Another important factor when considering adsorption is pH. The relationship between 
recovery and pH can be seen in Figure 2.10, along with the relationship of temperature and 
recovery in Figure 2.11. Both pH and temperature have a large effect on the recovery and grade 
of bastnaesite in flotation. This effect can be predicted through adsorption studies, as shown in 
Figure 2.9. As seen in Figure 2.11, the temperature at which flotation occurs can drastically 
increase the recovery and selectivity of a collector to a specific mineral surface. During 





Figure 2.9: Adsorption isotherm for hydroxamate on bastnaesite. [24] 
 
 





Figure 2.11: The relationship between grade and recovery of bastnaesite with respect to 
temperature. [25] 
 
 At a specific collector concentration the adsorption plateaus. This is known as the critical 
micelle concentration. It is the concentration at which no further adsorption occurs. At this 
concentration the recovery of desired minerals can drastically increase, as seen in Figure 2.10. 
The figure illustrates that as the amount of collector adsorbed decreases, the recovery of 
bastnaesite also decreases. The adsorption isotherm can be used to calculate the thermodynamic 
driving forces for adsorption onto specific mineral surfaces. The free energy of adsorption can 
calculated from the critical micelle concentration by this equation: [17] 
= − ∗ ln      (2.1) 
Where ΔG0ads is the Gibbs free energy of adsorption (J/mol), R is the gas constant 
(J/mol*K), T is temperature (K), ΓSX is the adsorption density at the critical micelle 
concentration (mol/cm2), r is the radius of the collector (cm) and C is the equilibrium 
concentration of the collector in solution (mol/cm3). 
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2.5.4 Zeta Potential 
The electrical change on a mineral’s surface needs to be understood in surface chemistry 
studies. Zeta potential is the charge that forms at the solid/liquid interface. It causes a region of 
counterions to form around the particle. This forms an electric double layer, the Stern layer and 
the diffuse layer, as illustrated in Figure 2.12. In the Stern layer the counterions attach to the 
particle to neutralize the surface of the particle. In the diffuse layer there is a mix of positive and 
negative ions. In Figure 2.12 a negatively charged particle is surrounded by positive ions in the 
Stern plane. While more positively charged ions are still attracted to the particle, they are 
repelled by the positive ions in the Stern plane. Shear that takes place on the Stern plane when 
the particle moves creates a potential at that plane which is known as the zeta potential. [15] 
Even though the potential at the Stern plane is less than the surface potential it is considered 
significant because it can be measured and it reflects interactions with particles within the 
solution surrounding it. [24] 
 The point of zero charge (PZC) is the pH at which the zeta potential of a specific material 
is zero. The Iso-Electric Point (IEP) is the point at which the zeta potential is zero when the 
mineral is in the presence of an electrolyte with potential determining ions. If an ion shifts the 
PZC to an IEP then that ion is called a potential determining ion (PDI). PDIs create the electric 
double layer, thus allowing the pH at which the IEP occurs to shift. Table 2.4 shows various 






Figure 2.12: An illustration of the electrical double layer. [26] 
 
 Figure 2.13 is an illustration of the effect of PDIs on the surface chemistry of a particle in 
the presence of an indifferent electrolyte. Point A is the PZC for the hydrophilic surface in the 
presence of the indifferent electrolyte. The dashed line is an example of how the zeta potential 
changes in the presence of a physical adsorbing anionic surfactant. Because there is no 
adsorption at an increased pH, the IEP is the same as the PZC. As the pH is decreased to point C 
there is adsorption of the surfactant on the surface which yields an IEP. Points B’ and B” are 
both IEPs for physically adsorbed and chemically adsorbed surfactants, respectively. Point B’ is 
at a pH only slightly lower than the PZC shown at point A, while point B” is at a significantly 
lower pH. E’ is the point at which the mineral surface is so negative that the adsorption potential 
is overcome. Point E” shows where the chemical contribution to the free energy of adsorption is 
overcome by the electrostatic repulsion. This point is generally the upper limit of flotation with a 




Table 2.4: Bastnaesite point of zero charge values as reported in literature [17]  [24] [27] 
Author Source of Bastnaesite Purity of Samples IEP (pH) 
Li, 1982 
Synthetic Ce-
bastnaesite 100% pure 7.8 
Pradip, 1981 Mountain Pass, CA 
57.4% REO, 8.8 % BaO, 1.6% 
CaO & 0.4% SrO 9.25 
Smith & 
Steiner, 1980 Mountain Pass, CA N/A 
5.3 (<30 min.), 6.8 
(2 h) & 7.2 (24 h) 
ageing in water 
Smith & 
Shonnard, 
1986 Mountain Pass, CA N/A 
4.6 (2 h ageing in 
water) 
Anderson, 
2015 Mountain Pass, CA N/A 8.2 
Everly, 2017 Mountain Pass, CA 
7.70 % REO, 16.29 % CaO, 
12.61 % BaO & 14.81% SiO2 6.6 
 
 






Microflotation is used to test flotation conditions on a small scale so that excess materials 
are not consumed needlessly. In microflotation studies the variables affecting flotation can be 
studied quickly and effectively. Some of the variables that can be tested are collector type, other 
reagents, collector concentrations, pH, temperature, and conditioning time. On the microflotation 
scale it is easier to control these variables. It is also beneficial to see how changing potential 
determining ions effect the selectivity of collectors. Since microflotation does not require a large 
amount of material, it can be completed and analyzed quickly compared to bench or pilot scale 
flotation tests. Microflotation experiments usually consume 0.5-3.0 grams of material within a 
known size fraction, usually between 100 and 325 US mesh. [24] Since bastnaesite is hydrophilic 
the flotation process will render the particle hydrophobic and allow the desired mineral to attach 
to air bubbles and form a froth. The froth can then be collected and analyzed soon after the 
completion of the test.  
2.7 Bench and Large Scale Flotation 
After the completion of microflotation, bench scale flotation can be done to test the 
effectiveness of the flotation process on a larger scale. The pulp density is increased significantly 
(1 wt% to 25 wt%), which alters the concentrations of the reagents in the solution. The solution 
is increased from 50 mL in microflotation to 1 liter on the bench scale. Bench scale test work 
also allows more variables to be easily tested, such as depressant addition. Temperature can more 
easily be controlled on this scale as well. Even though more material is used for bench flotation it 
is still a quicker test than a pilot scale test, and the material can be analyzed quickly. 
After bench flotation is completed the process can be up-scaled to a 30 liter flotation test. 
The advantage of this test is that it more closely resembles what will happen on the plant scale. 
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The same variables that are tested on bench scale are tested here. The disadvantage is that it 
consumes reagents and other materials quickly. Because of this the flotation conditions that are 
used on this scale should already be proven on the bench scale. 
2.8 Gravity Separation 
Gravity separation is a technique involving the manipulation of particle densities to 
separate the less dense particles from the more dense ones. To see if gravity separation is 
possible, the concentration criterion is calculated. The equation for concentration criterion (CC) 
is as follows: 
=       (2.2) 
Where Dh is the density of the heavy particles, Df is the density of the fluid and Dl is the 
density of the light particles. If the concentration criterion is greater than 2.5 the gravity 
separation is viable and below 1.25 it is impossible. If the concentration criterion is less than 2.5 
and greater than 1.25 then the separation is possible, but difficult. [29] Table 2.5 shows the 
concentration criterion for major minerals present in the ore from Mountain Pass. From the 
concentration criterion it appears that calcite, dolomite and quartz should be separable from the 
rare earth bearing minerals. Because barite and the rare earth bearing minerals have similar 
densities they are inseparable using gravity techniques. 
 
Table 2.5: Specific gravities and concentration criterion for components of the Mountain Pass 
ore. [30] 
Mineral Density (g/cm3) Concentration Criterion 
Bastnaesite (REE)CO3F 4.97 0.97 
Parasite 
(Ca(Ce,La)2(CO3)3F2 4.36 1.15 
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Table 2.5: Continued 
    
Monazite ((Ce,La)PO4 5.15 0.93 
Synchysite (CaCe(CO3)2F 4.02 1.28 
REE Bearing Minerals 4.87 1.00 
Calcite (CaCO3) 2.71 2.26 
Dolomite (CaMg(CO3)2) 2.84 2.10 
Barite (BaSO4) 4.48 1.11 
Celestine (SrSO4) 3.95 1.31 
Quartz (SiO2) 2.62 2.39 
 
There are a wide range of gravity separation technologies including, shaking table, 
Knelson and Falcon concentrators. Based on work done by Alex Norgren, the ultrafine falcon 
concentrator worked well on the Mountain Pass ore. [31] The ultrafine falcon allows for 
separations to occur at low particles sizes (<38 microns). [32] The advantage to the ultrafine 
falcon over the falcon concentrator is that no additional process water is required and it is able to 
separate particles of a lesser size. A cross section diagram of the ultrafine falcon can be seen in 
Figure 2.14. With the Falcon concentrator, the feed enters from the top of the spinning bowl. The 
slurry then flows over the bowl. As this happens the more dense particles are left behind in the 









CHAPTER 3: EXPERIMENTAL METHODS 
3.1 Sample Preparation 
A run of mine (ROM) ore sample was obtained from the Mountain Pass mine. The 
sample was split using shovels and the cone and quarter method to preserve the homogeneity of 
the sample.  The samples were split into approximately 35 kg fractions and placed into buckets 
for further use. The ore in the buckets was then crushed using a roll crusher. The roll crusher was 
set to specific gap sizes of 4.3 mm for the first pass and 2.3 mm for the second pass to obtain the 
desired sample size for grinding. A size analysis was done after the samples were crushed and is 
shown in Table 3.1. In preparation for grinding the samples were split, using a Jones splitter, into 
1 kg and 10 kg charges.  
 
Table 3.1: The particle size analysis of the roll crushed ore. 
Microns Weight (g) Percent Passing 
+2380 51.2 89.2% 
-2380 +1410 141.0 59.5% 
-1410 +595 127.9 32.5% 
-595 +210 70.1 17.7% 
-210 +150 17.9 13.9% 
-150 66.0 0.0% 
 
All the material that was ground for large scale flotation test work was completed using a 
rod mill. The feed for the rod mill consisted of 50 weight percent ore and 50 weight percent 
water. All grinding was completed at Resource Development Inc. In preparation for grinding a 
10 kg charge, a series of 1 kg test were run in an attempt to scale the tests up easier. The 80% 
passing size required for flotation was 50 microns. Through these 1 kg tests it was determined 
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that the time needed to grind 10 kg of crushed ore to the desired size was 32 minutes. The rod 
mill used is shown in Figure 3.1. A particle size analysis of the 10 kg rod mill product was done 
and is shown in Table 3.2. For the particle size analysis a sample was wet sieved through a 400-
mesh screen. The respective size fractions were dried and the +400-mesh material was run 
through a rotap for 20 minutes using 100, 115, 200, 270, 325 and 400 mesh screens. The P80 for 
the sample was determined to be 52 microns. 
 
Figure 3.1: The rod mill used for grinding 10 kg samples. 
 
Table 3.2: The particle size analysis of the milled sample. 
Microns Weight (g) Percent Passing 
+150 0.9 99.9% 
-150 +125 1.0 99.8% 
-125 +100 2.2 99.5% 
-100 +75 17.7 97.6% 
-75 +53 76.4 89.1% 
-53 +44 82.2 80.0% 
-44 +37 32.2 76.5% 
-37 410.4 31.0% 
 
The mineralogy of the sample was determined using XRF, XRD and MLA. A sample of 
the ROM ore was sent to Montana Tech for the XRD and MLA to be completed. Figure 3.2 
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shows the classified MLA image of the ore. It shows that the rare earth bearing minerals 
bastnaesite and parasite are closely locked at this size fraction, but that the main rare earth 
bearing mineral is bastnaesite. For further information on the composition of the ROM ore 
sample, including the XRD analysis, refer to Appendix A. 
 
Figure 3.2: The MLA image from the Mountain Pass run of mine ore sample. 
 
XRF was used to determine the compositions of the feed grade for flotation and gravity 
separation, along with the compositions of the concentrates and the tails for all the tests that were 
run. A previously set up method was used so that the XRF data could be considered quantitative. 
The XRF yielded the elemental composition of the samples. The oxide compositions were 
calculated from the elemental compositions. The total rare earth oxide (REO) content was 
determined from the cerium content since it has the highest grade of any rare earths in the 
sample. Consistently, the cerium oxide content of the Mountain Pass ore is 49.1% of the total 
REO. [12] The samples were analyzed in the form of fused disks. The disks were made using the 
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Katanax X-300 fluxer shown in Figure 3.3. The composition of the disks were 2% sample and 
98% lithium borate flux. The lithium borate flux was 66.67% Li2B4O7, 32.83% LiBO2, and 0.5% 
LiBr. Using fused disks allowed for a consistent sample to be produced for XRF analysis.  
 
Figure 3.3: The Katanax X-300 fluxer used to make fused disks for the XRF.  [34] 
 
Two samples were used for the surface chemistry studies. One was a ROM ore sample 
and the other was a pre-concentrated gravity sample. The P80 of the gravity concentrate was 37 
microns while the ROM ore sample had a P80 of 50 microns. The gravity concentrate used had 
yielded the most promising gravity results up to that point. [31] A mineral liberation analysis was 
also completed using the gravity concentrated sample. This MLA image is shown in Figure 3.4. 
When Figure 3.2 is compared to Figure 3.4 it can be seen that the gravity concentrated ore 
sample has a higher concentration of rare earth bearing minerals and barite, while the ROM ore 
sample has an increased concentration of other gangue minerals, such as quartz and calcite. For 
further information on the composition of the gravity concentrated sample refer to Appendix B. 
The oxide compositions of each sample are shown in Table 3.3. These results were obtained 




Table 3.3: Oxide compositions of feed material for surface chemistry analysis. 
 ROM Sample Gravity Concentrate 
Oxide Composition (%) Composition (%) 
REO 6.74 11.97 
CaO 17.08 13.07 
BaO 13.24 19.49 
SiO2 13.70 6.66 
 
 
Figure 3.4: The MLA image of the gravity concentrated ore sample. 
 
3.2 Flotation and Surface Chemistry Reagents 
The reagents used for flotation included collectors, pH modifiers, depressants, and 
frother. For the adsorption study ferric perchlorate was used to show a color change. The 
collectors used in this study are shown in Table 3.4. All of them were synthesized at Oak Ridge 
National Laboratory, with the exception of collector 2 which is available commercially. These 




Table 3.4: The collectors used for the flotation tests. 
Collector 
Number Name Structure 
MW 
(g/mol) 













Collectors 8 and 14 were insoluble in water, so they were dissolved in ethanol and 
emulsified into the slurry before flotation. All remaining reagents are summarized in Table 3.5. 
 
Table 3.5: Remaining reagents used for surface chemistry and flotation tests. 
Type Name Chemical Formula 
Depressant Ammonium Lignin Sulfonate C20H17O10S2 
Frother Methyl Iso-Butyl Carbonyl C2H14O 
Depressant/pH Modifier Sodium Carbonate Na2CO3 
pH Modifier Hydrochloric Acid HCl 
pH Modifier Potassium Hydroxide KOH 
Adsorption Ferric Perchlorate Fe(ClO4)2*xH2O 
Solvent Ethanol C2H5OH 
 
3.3  Brunauer–Emmett–Teller (BET) 
A Microtrac BELSORP-Mini BET instrument was used to calculate the surface area and 
pore size of both the ROM ore sample and the gravity concentrated sample. The ROM ore 
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sample and the gravity sample were both 100% passing 100 mesh. The sample first underwent a 
pretreatment step in which it was heated to 3000C to eliminate any volatile chemicals that were 
on the sample. After pretreatment, the sample was weighed and the weight was recorded. After 
this the sample is placed into a liquid nitrogen bath with a temperature of -1960C. During the 
remainder of the test the mineral is adsorbed onto by nitrogen. As the pressure changes and the 
nitrogen was adsorbed and desorbed, an adsorption and desorption isotherm was calculated. 
Once the test is finished, the sample was again weighed and the weight was recorded. By the 
Langmuir method the specific surface area and pore size was determined. An analysis of the 
results can be found in Appendix C. 
3.4  Adsorption Study 
For collectors 2, 5 and 8 the solution depletion method was used to measure the 
adsorption onto the mineral surface. Collector 14 was not evaluated in this adsorption study. 
Each solution contained 0.05 grams of the sample in 10 mL of distilled water. The same samples 
used for adsorption studies were also used for the BET analysis. Collector concentration and pH 
were varied for both the ROM ore sample and the gravity concentrate. The solutions were 
allowed to sit on a shaking table for the allotted time period. The solutions were checked 
periodically to maintain a specific pH. When the total time period had passed the solutions were 
placed into a centrifuge for 8 minutes at 4000 rpm. 2 mL of solution were extracted from the 
sample and mixed with 4 mL of 2.94 g/L ferric perchlorate. This new solution was placed into a 
Shimadzu UV160U Spectrophotometer and analyzed to determine the absorbance of the 
solution. Standard solutions with specific collector concentrations were analyzed first to 
determine the peak wavelength and to calculate a regression model. The concentrations used for 
the calibration curve were 2.5E-3 M, 1E-3 M, 5E-4 M, 1E-4 M and 5E-5 M for each of the 
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collectors. The points were fit to a linear line and used in determining the concentration of the 
collector in solution corresponding to each absorbance. The adsorption density was derived from 
Equation 3.1: [17] 
Γ = ∆ ∗∗       (3.1) 
Γ is the adsorption density in mol/m2, ΔC is the change in concentration of the solution in 
moles, V is the solution volume in L, m is the mass of the sample placed into solution in grams, 
and A is the specific surface area of the mineral in m2/g. [24] 
3.5 Zeta Potential 
A Microtrac Stabino was used for zeta potential measurements, as shown in Figure 3.5. 
From these measurements the iso-electric points (IEP) for each condition were found. The same 
samples that were used for the adsorption study were used for the zeta potential measurements. 
The samples were placed into deionized water with a concentration of 0.5 g/L. Experiments were 
run in water only to determine the point of zero charge (PZC). Other experiments were analyzed 
with the collectors added in to determine how the collector affects the IEP. The collector 
concentrations were 1 mM for collectors 2 and 5, and 0.1 mM for collectors 8 and 14. 
 




Microflotation studies were done using the same materials used for the zeta potential 
tests. A Partridge Smith Cell was used for all experiments, as illustrated in Figure 3.6. The 
solution was made up of 0.52 grams solids and 52 mL water. For each experiment the sample 
was added to the solution with a specific collector concentration. The pH was changed after the 
addition of the collector using potassium hydroxide. The slurry was conditioned for 15 minutes 
in a 100 mL beaker. After 13 minutes, a drop of methyl isobutyl carbinol (MIBC) frother was 
added to the slurry. After conditioning was completed, the slurry was placed into the Partridge 
Smith cell for flotation. Compressed air was added into the system at a flow rate of 26.6 
cm3/min. The concentration of the collector was not varied for any tests involving that collector. 
The only variable was pH. The pH range was 9.5-10.5. The concentrates and tailings were 
analyzed using the XRF machine. 
 
Figure 3.6: A schematic of a Partridge Smith cell used for microflotation studies. [36] 
33 
 
3.7 Bench Flotation 
Bench flotation tests were conducted using a Metso Denver D-12 Legacy cell, shown in 
Figure 3.7. These tests were conducted using run of mine material with an 80% passing size of 
50 microns. 333 grams of material were added into a 1 liter slurry for flotation, forming a slurry 
concentration of 25 weight percent solids. If heat was required, then the water was heated before 
it was combined with the ore. For this study more reagents were used than in microflotation. If 
depressant was needed for the test, the ore, water and depressant were combined and allowed to 
condition for 5 minutes. If soda ash was being used as a pH modifier then once it was added to 
the slurry it was allowed to condition for 3 minutes. Once the pH was adjusted, then the collector 
was added and allowed to condition for 10 minutes. The collectors that needed to be dissolved in 
ethanol were added to the slurry, then emulsified for 3 minutes by a Hamilton Beach 
Commercial HMI200 Immersion Blender. If the pH needed to be modified further, it was done 
so during the next conditioning stage. Conditioning was done at 900 rpm. Two minutes before 
flotation was started one drop of MBIC frother was added. After conditioning, air was allowed 
into the system and the material was allowed to float for two minutes. The concentrates and 
tailings were collected, filtered and then dried for analysis. 
3.8 10 Kilogram Flotation 
The 10 kilogram flotation tests were conducted using a flotation cell at Resource 
Development Inc. (RDI), pictured in Figure 3.8. The sample used for the tests was removed from 
the rod mill and placed directly into the flotation cell. The slurry concentration was 
approximately 25 weight percent solids. If the test required heat, then the slurry was heated using 
a heating coil, placed directly into the slurry. Once temperature was reached, the depressant was 
added, if needed. The slurry was then allowed to condition for 5 minutes. If soda ash was used as 
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the pH modifier, then after it was added, the slurry was allowed to condition for 3 minutes. After 
the pH was changed, the collector was added into the solution. If pH needed to be changed after 
the collector was added, it was done immediately. The slurry was allowed to condition for 10 
minutes. After 8 minutes, a single drop of MIBC frother was added. After conditioning was 
completed, air was allowed to enter the system and it was allowed to float for 2.8 minutes. The 
concentrates and tailings were collected, filtered and dried for later analysis. 
 
 





Figure 3.8: The 10 kilogram flotation cell as pictured at RDI. 
 
3.9 Ultrafine Falcon Tests 
For the ultrafine falcon tests a Sepro Falcon semi-batch concentrator laboratory model 
L40, with an ultrafine bowl was used. The Falcon concentrator is pictured in Figure 3.9. Water 
was added to the feed tank in accordance with the required slurry density for the test, 15 weight 
percent solids. An agitator was used to prevent the solids from settling in the feed tank. Once the 
solids were added to the water, the Falcon concentrator was turned on to an rpm of 1313. The 
slurry was then allowed to enter the falcon at a flow rate of 5 L/min. The concentrate remained in 
the bowl and was removed and dried for analysis. The tailings were filtered and dried, then were 
used for another pass in the falcon concentrator. Three passes were run with the material and the 











CHAPTER 4: SURFACE CHEMISTRY 
 Surface chemistry experiments were conducted on the run of mine ore and the gravity 
separated concentrate to determine the conditions for flotation for the gravity concentrate. It was 
also used to determine the differences in the two samples. The adsorption and zeta potential 
results are discussed below. 
4.1 Adsorption Density 
 Adsorption studies are used to determine how the collector adsorbs onto the mineral 
surface. Experiments were conducted using the run of mine (ROM) ore and the gravity separated 
sample. Only a comparative study was done between the ROM ore and the gravity concentrate 
sample because these collectors had already been studied by Dylan Everly. [17] The adsorption 
studies were completed with collectors 2, 5 and 8. Collector 14 was not examined because the 
same method could not be used as collectors 2, 5 and 8. Equilibrium time was determined before 
all other studies were started. The conditions for the equilibrium study were 0.001 M and 9.5 pH 
for each collector. All experiments were conducted at room temperature. A pH range was 
studied, between 3.5 and 11.5, with a constant initial collector concentration of 0.001 M for each 
test. A study of the effect of collector concentration was also conducted with initial collector 
concentrations between 0.00025 M and 0.0025 M with a constant pH of 9.5. Reference lines are 
provided on each of the graphs for the horizontal and vertical monolayer adsorption densities for 
hydroxamic acid, since the collectors being studied do not necessarily have known horizontal or 
vertical monolayer adsorption densities. The surface areas and adsorption densities in each 
orientation of hydroxamic acid are outlined in Table 4.1. Hydroxamic acid is used as an 
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approximation for each of the collectors because it is what the other collectors are based on and 
these values have not been calculated for the collectors that were used. 
For the adsorption density to be calculated the surface area of the mineral is needed. This 
was determined from BET analysis. The specific area for the run of mine ore sample used in 
adsorption was 3.28 m2/g and for the gravity separated sample it was 0.94 m2/g. All the sample 
material was less than 149 microns for these experiments. Additional information on the BET 
analysis is contained in Appendix C and information on the adsorption studies are contained in 
Appendix D. 
 
Table 4.1: Summary of hydroxamic acid adsorption information. 
Orientation Surface Area (Å2) Adsorption Density (μmol/m2) 
Horizontal 55 3.02 
Vertical 20.5 8.1 
 
4.1.1 Equilibrium Time 
Equilibrium time is used to determine the time required for the adsorption tests to reach 
equilibrium for analysis. Equilibrium time experiments were run on the ROM ore sample and the 
gravity concentrate with each collector at a concentration of 0.001 M, at room temperature and 
were held at a pH of 9.5. 
  For the ROM ore sample, collector 8 had the quickest equilibrium time of 5 hours while 
collectors 2 and 5 had equilibrium times of 2 days. Figure 4.1 is the graph of equilibrium time for 
each collector. From this figure it can be seen that, for flotation collector 8 requires a smaller 
concentration to obtain a vertical configuration on the mineral surface. The adsorption density 
should not decrease as seen with collector 5, this could be due to the collector degrading or 




Figure 4.1: Equilibrium time for the run of mine ore for each of the collectors. 
 
 The gravity concentration sample had a larger adsorption density for all of the collectors, 
when compared to the ROM ore sample, as seen in Figure 4.2. This could be due to the fact that 
the gravity sample has more bastnaesite in it and the collector is attaching to those sites, making 
the adsorption density increase. The equilibrium time for all of the collectors is the same as that 
of the ROM ore sample, with collector 8 having an equilibrium time of 5 hours and collectors 2 
and 5 having an equilibrium time of two days. 
 




































































4.1.2 pH vs. Adsorption Density 
 Experiments were run using the equilibrium time determined in the previous section to 
show how the adsorption density of each collector changes with respect to pH. All the collectors 
had an initial concentration of 0.001 M. Figure 4.3 illustrates how the ROM ore sample and the 
gravity concentrate reacted with changing pH with the addition of collector 2. From this plot it 
can be seen that multilayer adsorption occurs for the gravity sample around a pH of 8-10. This 
corresponds to the pH range of bastnaesite, meaning that the collector is adsorbing to the desired 
mineral surface because of the increased driving force for adsorption. The ROM ore sample has a 
peak at a pH of 9.5, but the adsorption densities indicate that it never has more than a single 
horizontal adsorption layer. 
 
Figure 4.3: The pH vs. adsorption density plot for collector 2. 
 
Figure 4.4 shows the pH vs. adsorption density for collector 5. For the gravity 
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sample the adsorption density changes very little with changing pH. For the pH range tested the 
adsorption is multilayer for the ROM ore sample. 
 
Figure 4.4: The pH vs. adsorption density plot for collector 5. 
 
 Figure 4.5 is the pH vs. adsorption density plot for collector 8. From this plot it can be 
seen that there is increased adsorption for the gravity concentrate from pH 6.10, while for the 
ROM ore sample, the adsorption density increases after pH 10. The ROM ore sample has a 
single vertical adsorption layer from pH 6.10, indicating that this is the best range to do flotation 
studies at. 
 

























































4.1.3 Equilibrium Concentration vs. Adsorption Density 
A study was done for compare how the gravity concentrate differed from the ROM ore 
sample with increasing equilibrium concentrations. Figure 4.6 shows how the adsorption density 
changes with respect to the equilibrium concentration of the collector on the mineral surface. The 
ROM ore sample and the gravity concentrate both follow the same general trend, but the gravity 
concentrate has a much higher adsorption density, as expected. At lower concentrations the 
adsorption density for the gravity concentrate is slightly higher than that of a vertical monolayer, 
while the ROM ore is slightly higher than that of a horizontal monolayer. 
 
Figure 4.6: Equilibrium concentration of the collector vs. adsorption density for collector 2. 
 
 Figure 4.7 illustrates how the adsorption density changes as equilibrium concentration 
increases for collector 5. Again, both samples follow a similar increasing trend, but with 
collector 5 the ROM ore sample has a higher adsorption density than that of the gravity 


































Figure 4.7: Equilibrium concentration vs. adsorption density for collector 5. 
 
The graph of equilibrium concentration vs. adsorption density for collector 8 is shown in 
Figure 4.8. The adsorption density for the ROM ore increases with increasing equilibrium 
concentration. An increased equilibrium concentration is never reached in the gravity concentrate 
because the mineral surface allows the collector to form multilayer adsorption easily.  
 




























































4.1.4 Adsorption Thermodynamics 
The Gibbs free energy of adsorption was calculated for the samples at room temperature. 
The results are shown in Table 4.2. The calculated Gibbs free energies are for physical 
adsorption because they were calculated using information from the critical micelle 
concentration. At the critical micelle concentration the barrier to chemical adsorption has been 
overcome and the collector attaches itself to the mineral surface more easily by physical 
adsorption. The calculated Gibbs free energy is negative for all the collectors. A negative Gibbs 
free energy indicates that the adsorption onto the mineral surface is spontaneous and will proceed 
easily without an energy added into the system. The free energy indicates that for collectors 2 
and 5 adsorption is slightly more favorable for the gravity concentrate. This could be because 
there is a higher concentration of bastnaesite in the sample, while the adsorption of collector 8 is 
more favorable with the ROM ore sample. 
 
Table 4.2: The Gibbs free energy of adsorption for the collectors onto the ROM ore sample and 
gravity concentrate. 
 ΔGoads (298 K) [kCal/mol] 
Sample Collector 2 Collector 5 Collector 8 
ROM Ore -4.83 -5.95 -6.16 
Gravity Concentrate -5.49 -6.01 -5.64 
 
4.2 Zeta Potential 
 Zeta potential measurements were conducted on the ROM bastnaesite ore and the gravity 
concentrate material. These measurements were used to determine how the each of the collectors 
interacted with the mineral surface and the electrical nature in the solution, to help determine the 
best pH range to conduct flotation studies in. Collectors 2, 5 8 and 14 were all evaluated. It was 
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also used to determine if there was an appreciable difference between the ROM ore and the 
gravity separated sample. The Iso-Electric Point (IEP) was determined for each condition and 
recorded, along with the zeta potential verses pH for each condition. Additional zeta potential 
data is contained in Appendix E. 
The difference in zeta potential between the gravity concentrate and the ROM ore in 
water is minimal, as seen in Figure 4.9. There is only a slight difference in the point of zero 
charge (PZC) in the samples. The gravity concentrate has a lower PZC than the ROM ore 
indicating that there were possibly some potential determining ions that were removed during the 
gravity separation process. 
 
Figure 4.9: pH vs. Zeta Potential for the gravity concentrate and ore without any addition of 
collector. 
 
With the addition of the collectors the IEP changed significantly. Figure 4.10 shows the 
zeta potential with the addition of collector 2. In this condition the IEP for both samples were 
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samples after the addition of the collector. Also, the chemical contribution of the collector is not 
negated until a pH of 6.5 for both samples. 
 
Figure 4.10: pH vs. Zeta Potential for the gravity concentrate and ore with the addition of 
collector 2 at a concentration of 1E-3M. 
 
The zeta potential with the addition of collector 5 is shown in Figure 4.11. The IEP of the 
gravity concentrate is lower than that of the ROM ore, similar to the behavior of the PZCs of 
each sample. As the pH was increased the zeta potential was decreased and even at pH 10 the 
zeta potential does not match that of the samples in water. This indicates that the chemical 
contribution is strong for this collector on the mineral surface. 
 With the addition of collector 8 the IEP is only slightly decreased from the PZC of the 
samples, as seen in Figure 4.12. The zeta potential never matches up with the zeta potential of 
the samples in water. This means that the zeta potential with the addition of this collector never 


























Figure 4.11: pH vs. Zeta Potential for the gravity concentrate and ore with the addition of 
collector 5 at a concentration of 1E-3 M. 
 
 
Figure 4.12: pH vs. Zeta Potential with the addition of collector 8 at a concentration of 1E-4 M. 
 
The zeta potential of collector 14 is most similar to that of the samples in water, as seen 
in Figure 4.13. The IEP does not change from that of the samples in water for the ROM ore 
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water. The IEP for the gravity concentrate is lower, but the chemical contribution of collector 14 
is overcome quickly with increasing pH. 
 
Figure 4.13: The zeta potential graph of the sample with the addition of collector 14 at a 
concentration of 1E-4 M. 
 
The PZC and IEPs of each experiment are shown in Table 4.3. From these we can see 
that, in general, with the addition of the collectors the IEP of the sample is decreased. Because 
the IEPs from the addition of each collector are similar between the ROM ore sample and the 
gravity concentrate it is difficult to determine if the collector will be more selective or act 
differently in the presence of either mineral. 
 
Table 4.3: The PZC and IEPs of each sample. 
Sample PZC Collector 2 Collector 5 Collector 8 Collector 14 
Ore 4.83 2.80 3.92 4.42 4.84 


























CHAPTER 5: MICROFLOTATION 
Microflotation is an easy way to test the effectiveness of the collectors, while not using 
large quantities of materials and reagents. For this study, microflotation was used to determine if 
gravity concentration should be done before flotation or flotation before gravity. The test 
conditions were based on the results of the adsorption and zeta potential test work. Multiple tests 
were run for each collector and sample. The compositions of the samples are shown in Table 5.1. 
The only variable was pH, since the collectors seemed to adsorb differently on the gravity 
sample compared to the run of mine (ROM) ore sample with varied pH. Three test conditions 
were completed in duplicate for each collector and ore sample. A pH range of 9.5-10.5 was 
examined. For all the tests the collector concentration remained the same, 5E-4 M for collectors 
2, 5 and 8 and 2.5E-5 M for collector 14. The reagents used were potassium hydroxide, collector 
and frother. No depressants were used in these tests. Additional data regarding the microflotation 
tests can be found in Appendix F. 
 
Table 5.1: The grades of oxides in the ROM ore sample and gravity concentrate used for 
microflotation test work. 








5.88 3.83 0.53 0.07 1.35 19.49 13.07 6.66 11.97 
 
 The results shown below examine the grade and recovery of the rare earth oxides, along 
with the calcite grade to rare earth oxide grade ratio. The calcite grade to rare earth oxide grade 
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ratio is a measure of selectivity. A higher ratio indicates that the calcite is being rejected while 
the rare earth oxides are being recovered more easily. 
5.1 Collector 2 
Three tests were run in duplicate to get enough material to use for XRF analysis for each 
ore sample. The best results from the run of mine (ROM) ore sample and the gravity sample are 
shown in Figure 5.1 from the tests using collector 2. From the figure it can be seen that, as 
expected, the recovery of the gravity concentrate is lower than that of the ore that has only been 
floated. The gravity concentration stage results in better selectivity, shown in the REO/CaO ratio, 
the floated gravity concentrate maintains that higher selectivity. However, the treated gravity 
concentrate has a lower overall grade compared to the treated ROM ore, 19% rare earth oxide 
(REO) compared to 24% REO. 
 
Figure 5.1: Results of microflotation from collector 2, showing cumulative recovery for the 
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5.2 Collector 5 
Three tests were run in duplicate varying the pH of each of the tests. The most selective 
results are shown in Figure 5.2. Again, the results indicate that with gravity separation before 
flotation, the selectivity is increased above that of flotation first. But with this collector the 
selectivity is not enhanced through flotation and the REO grade is only slightly increased above 
that of the feed grade. Both samples increase their respective grades 2% through flotation. The 
REO/CaO ratio does not increase significantly after flotation for either of the samples. The 
recovery and grade are greater for the gravity pre-concentrated material compared to the ROM 
ore sample that was floated. Overall, this collector displays very little selectivity, and results in 
grades and recoveries that are less than those of the other collectors. 
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5.3 Collector 8 
Three microflotation tests were run in duplicate for this collector at a concentration of 
5E-4 M. The best results of these tests can be seen in Figure 5.3. The recoveries from each 
sample are similar, but the grade is increased in the test that had gravity concentration first. The 
REO/CaO ratio increased with the use of this collector, but only slightly above that of the feed 
samples. The selectivity is higher for the floated gravity concentrate than for the ROM ore 
sample that was floated. Again, this collector shows only a slight increase in the grades of the 
concentrate over their respective feed grades. 
 
Figure 5.3: Results of the microflotation tests using collector 8, showing the resulting grades, 
recoveries and selectivity. 
 
5.4 Collector 14 
The pH was varied between three tests for each sample that were run in duplicate. The 
best results of which can be seen in Figure 5.4. After the flotation of the gravity concentrate, the 
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of the concentrates was no greater than their respective feed grades either. The grade and 
recoveries for the floated gravity concentrate are higher than that of the ROM ore sample that 
was floated, but overall this collector exhibited low selectivity on the microflotation level. 
 
Figure 5.4: Microflotation results of the tests run with collector 14, with resulting grades, 
recoveries and REO/CaO ratios. 
 
5.5 Conclusions 
A summary graph of the results above can be seen in Figure 5.5. From the experimental 
data obtained for both samples that were used for microflotation test work, the most selective 
collector is collector 2. In all the tests the floated gravity concentrates exhibited the highest 
selectivity, but also had decreased recovery and sometimes decreased grade compared to the 
grade of the ROM ore flotation concentrate. Although gravity pre-concentration is more 
selective, the general trend seems to be that there is no appreciable increase in grade. From these 
results it was determined that further test work would focus on rougher flotation followed by a 

























































































CHAPTER 6: BENCH SCALE FLOTATION 
Bench flotation tests were conducted to determine the most effective conditions to run 
large scale tests on. All the collectors that were used in microflotation were used for bench scale 
flotation. These tests added more variables including, collector, collector concentration, 
depressant concentration, temperature, pH, pH modifier and continuous pH modification. The 
depressant used was ammonium lignin sulfonate. The pH modifiers were potassium hydroxide 
and sodium carbonate. The experiments were completed at a slurry density of 25 weight percent 
solids (333 grams ore and 1 liter distilled water). The conditions tested were determined from 
previous research done by Dylan Everly. [17] From his design of experiments a minimum of four 
conditions for each collector were chosen for further study. For collector 2 six conditions were 
tested. Two of the test conditions were ones that Dylan Everly had obtained the best results of 
each collector with and the remaining tests were determined by the Design Expert 10 
optimization study software developed by Stat-Ease. The conditions obtained from Stat-Ease 
were predicted to either have increased recovery or increased grade and recovery, while also 
showing selectivity for bastnaesite. 
6.1 Collector 2 
Six tests were attempted using collector 2. The test conditions are shown in Table 6.1. The 
predicted grades and recoveries for rare earth oxide (REO) and the gangue minerals are shown in 
Table 6.2. Tests 3.6 were suggested conditions by the Design Expert 10 software. This collector 
was proven to have the highest selectivity of bastnaesite, while maintaining a high grade and 
recovery of REO. As seen in Table 6.2, it was expected that the REO grade could be higher than 
what had previously been proven. All successful tests completed with the collector had a unique 
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froth that would form before air was added into the system. This froth seemed to contain the bulk 
of the material that would be removed to form the concentrate. 
 















2.1 7.50E-03 8.5 Soda Ash Yes 82 0 
2.2 7.50E-03 9.5 KOH No 50 0 
2.3 7.50E-03 10.5 Soda Ash Yes 50 0 
2.4 1.00E-02 9.5 KOH No 82 0.75 
2.5 1.00E-02 9.5 KOH No 20 0 
2.6 1.00E-02 9.5 KOH No 20 0.75 
 
Table 6.2: The predicted grades and recoveries for REO and the predicted grades of the gangue 











2.1 41.14 77.64 10.77 4.73 
2.2 26.98 93.16 15.55 6.39 
2.3 35.17 104.17 9.14 5.58 
2.4 45.01 96.16 15.64 6.90 
2.5 33.09 99.14 13.80 10.52 
2.6 37.68 83.69 14.95 8.64 
 
Figure 6.1 shows the test results from the experiments run with collector 2. Test 2.3 is not 
shown because no froth was formed, and therefore no concentrate was made. Although the 
Design Expert 10 software predicted the highest REO grade from test 2.4 and an REO/CaO ratio 
of 3, the results did not reflect this. All of the tests suggested by the software did not work as 
expected. This could be due to the fact that the software is mathematical, and chemical models 
are more unpredictable than mathematical ones. Even though the new tests did not shown 
anything promising, tests 2.1 and 2.2 exhibited high grades and recoveries which matched the 
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expected grades and recoveries. Test 2.1 showed the highest selectivity with a REO/CaO ratio of 
4. The conditions for this test allowed it to reject 91% of the calcite, 95% of the barite and 95% 
of the silicates, while maintaining a 70% recovery of REO. 
 
Figure 6.1: The bench flotation results of the tests using collector 2. 
 
6.2 Collector 5 
Four bench scale tests were completed using collector 5. The test conditions are shown in 
Table 6.3. Tests 5.3 and 5.4 used conditions that were predicted to have high REO grades and 
recoveries as suggested by the Design Expert 10 software. The predicted grades and recoveries 
are shown in Table 6.4. The Design Expert 10 software predicted that the tests using elevated 
temperatures for this collector would result in higher grade and recovery of REO, while also 
rejecting the gangue minerals. Further testing the collector at elevated temperatures was also 
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Table 6.3: Bench flotation conditions for tests using collector 5. 
Test 











5.1 1.00E-2 11 
Soda 
Ash Yes 20 0.75 
5.2 5.00E-3 8.5 
Soda 
Ash No 20 0.75 
5.3 5.00E-3 9.5 KOH No 50 0.75 
5.4 5.00E-3 9.5 KOH No 82 0.75 
 
Table 6.4: Predicted REO grades and recoveries and gangue mineral grades for bench tests using 
collector 5. 
Test Number REO Grade REO Recovery CaO Grade BaO Grade 
5.1 10.03 98.06 18.60 13.98 
5.2 10.51 97.05 17.71 14.57 
5.3 18.59 116.58 14.27 14.29 
5.4 17.56 167.10 16.56 12.92 
 
The results of the bench test work featuring collector 5 can be seen in Figure 6.2. The 
selectivity of this collector is low. Although the predicted grades and recoveries matched the 
predicted ones, with the exception of test 5.3, the collector did little to upgrade the REO grade 
compared to the other collectors. Test 5.4 was the most selective with a REO grade of 21%, 
calcite recovery of 36%, barite recovery of 29% and silicate mineral recovery of 12%.  
6.3 Collector 8 
Four bench scale flotation tests were completed using collector 8. The test conditions can be 
seen in Table 6.5. Tests 8.1 and 8.2 were suggested conditions by the Design of Experiments 
software Design Expert 10. The predicted grades and recoveries for each of these tests can be 
found in Table 6.6. The predicted grades are similar to those of the tests that had already been 





Figure 6.2: The bench flotation results of the tests using collector 5. 
 















8.1 2.50E-3 8.5 Soda Ash Yes 82 0.75 
8.2 2.50E-3 11 Soda Ash Yes 50 0 
8.3 2.50E-3 11 Soda Ash No 82 0.75 
8.4 2.50E-3 11 Soda Ash Yes 50 1.5 
 
Table 6.6: The predicted REO grade and recovery and gangue mineral grade for the bench scale 
test work using collector 8. 
Test Number REO Grade REO Recovery CaO Grade BaO Grade 
8.1 23.81 98.52 18.03 7.05 
8.2 19.24 115.33 17.24 6.27 
8.3 12.00 97.38 17.51 8.02 
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The results of these tests can be seen in Figure 6.3. These tests most closely resembled the 
predicted values for grade and recovery for both REO and the gangue minerals, with the 
exception of test 8.3. Test 8.3 had an increased REO grade than what had been predicted. The 
grade of the concentrate was 31%, while the predicted grade was 12%. This test condition had 
been run previously by Dylan Everly. It is unknown what caused this discrepancy between the 
results that he had obtained from these conditions and the results from this test. The collector 
may have been better dissolved into the solution in this test or it is possible that less soda ash had 
been used as a pH modifier. This test resulted in a recovery of 15% for calcite, 10% for barite 
and 12% for silicates, while maintaining a 68% recovery of REO.  
 
Figure 6.3: Bench scale flotation results for the tests that utilized collector 8. 
6.4 Collector 14 
Four flotation tests were conducted using collector 14. The experimental conditions that were 
used can be found in Table 6.7. Table 6.8 shows the predicted grade and recoveries for selected 
minerals. Tests 14.1 and 14.4 were done using conditions suggested by the Design Expert 10 
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14.1 3.00E-04 8.5 KOH No 82 0 
14.2 3.00E-04 8.5 Soda Ash No 82 0.75 
14.3 1.00E-04 8.5 Soda Ash Yes 82 1.5 
14.4 1.00E-04 9.5 KOH No 82 0.75 
 
Table 6.8: The predicted REO grade and recovery along with the predicted grade of gangue 
minerals for bench tests using collector 14. 
Test Number REO Grade REO Recovery CaO Grade BaO Grade 
14.1 20.10 98.23 15.16 7.97 
14.2 19.15 88.88 16.55 9.04 
14.3 30.75 60.86 13.18 8.60 
14.4 34.94 112.04 17.07 10.05 
 
 Figure 6.4 shows the results from the bench flotation test work conducted using collector 
14. The tests conducted with collector 14 did not meet expectations. The only test that appeared 
to have any selectivity was test 14.3. It had a grade of 20% REO. Again, there was a discrepancy 
between the work that Dyaln Everly had done and these tests. With this collector it resulted in a 
lower grade and recovery than what had been expected.  
6.5 Conclusions 
From these bench scale tests, a few stood out as promising for large scale test work. A 
summary of the best tests can be seen in Figure 6.5. No tests from collector 5 were chosen 
because it showed no selectivity for bastnaesite over the gangue minerals. Test 2.6 was chosen 
because it had the best results of any test completed at a lower temperature. The tests for 
collector 14 were chosen because they exhibited selectivity in the work done by Dylan Everly. 
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Overall, the best experiments were conducted using collector 2, especially test 2.1. For further 
information regarding the bench scale test work refer to Appendix G. 
 
 
Figure 6.4: Bench flotation results for test work conducted using collector 14. 
 
 












































































CHAPTER 7: LARGE SCALE FLOTATION TESTS 
 
Large scale flotation tests were conducted to prove the process on a larger scale. They were 
conducted using 10 kilograms of ore. The crushed ore was placed into a rod mill for 32 minutes 
then taken from the rod mill and placed directly into the flotation cell. The cell was filled with 
water to reach an approximate slurry density of 25 weight percent solids (10 kilograms ore, 30 
liters water). If the test required heat, then it was heated using a heating coil. Once the 
temperature was reached, the conditioning stages were started. The reagent additions were scaled 
up at a 1:1 ratio with the exception of frother. Through practice tests that were conducted, it was 
determined that for the 10 kilogram flotation tests only one drop of frother was required. The 
flotation occurred for 2.8 minutes.  
The conditions for the tests were chosen from the best results from the bench scale flotation 
test work. None of the bench tests using collector 5 yielded results that indicated selectivity, so it 
was not used for any large scale test work. The test conditions can be found in Table 7.1. Two of 
the tests required reduced heat, while the other four required the slurry to be heated to 82oC. The 
tests were conducted at a wide pH range (8.5-11) with the three of the tests being conducted at 
8.5 pH. 
7.1 Test 2.1 
This test was the only one conducted at room temperature. The flotation time was two 
minutes. The results can be seen in Figure 7.1. The results from this test indicated that there is a 
difference between the bench scale tests and the large scale tests. The concentrate showed no 
improvement in grade from the ore and there was no selectivity of calcite over bastnaesite. The 
64 
 
REO recovery was extremely low at 19%. Because there was a limited quantity of the collector 
this test could not be conducted again for a longer time period, but the results indicate that this 
would have no effect on the overall grade or recovery of REO. The reason for this having such a 
low grade and recovery could be due to the fact that the particle size may have been larger than 
anticipated or there may have been some precipitants in the water that was used, since it was not 
distilled water. 
 

























Ash Yes 82 0 
2.3 2 
7.50E-















Ash Yes 82 1.5 
 
7.2 Test 2.2 
Test 2.2 was conducted using collector 2 at elevated temperature. This test was conducted for 
two minutes. After two minutes, the froth was visibly less concentrated with mineralization. The 
results can be seen in Figure 7.2. This test exhibited extremely high selectivity of bastnaesite 




Figure 7.1: The results from a large scale test conducted using collector 2. 
 
The grade and recovery from this test closely resembled the result obtained from these 
conditions on the bench scale. After one minute of flotation, the REO grade was 49.9% and the 
REO recovery was 69.8%. The recovery of calcite was 5.6%, barite was 3.1% and silicates was 
3.4% in the first minute. After two minutes of flotation, the REO grade had decreased to 44.4% 
and recovery had increased to 80.8%. The gangue mineral recoveries were 9.2% for calcite, 
5.0% for barite and 5.6% for the silicate minerals. This test condition was the most promising for 






































Figure 7.2: The results from the 10 kilogram flotation test 2.2. Concentrate 1 is the cumulative 
concentrate after 1 minute of flotation and concentrate 2 is cumulative after 2 minutes. 
 
7.3 Test 2.3 
This test was conducted with collector 2 at a temperature of 50oC. On the bench scale, this 
test had shown a high recovery of REO, but low selectivity. The results of this 10 kilogram test 
can be seen in Figure 7.3. This test was run for eight minutes, at which point enough material 
had been gathered to make a proper analysis. The concentrate after one minute exhibited a high 
affinity for bastnaesite, since the REO grade was 30%, but the REO recovery was low, at 27%. 
As time increased, the grade dropped in a logarithmic progression, while the recovery increased 
logarithmically. The equations that were found were as follows: 
 = 0.1633 ∗ ln( ) + 0.2778    (7.1) 
 = −0.035 ∗ ln( ) + 0.3009    (7.2) 
Where t is time in minutes and the grade and recovery are in percent. After eight minutes of 






































The result after eight minutes were more in line with what the bench scale flotation tests had 
predicted. After eight minutes, the gangue mineral recovery was 21.4% calcite, 16.0% barite and 
17.0% silicate minerals. 
 
Figure 7.3: Results from the large scale flotation test 2.3. The concentrates are cumulative by the 
minute. 
 
7.4 Test 8.1 
Test 8.1 was the only large scale test conducted using collector 8. This test was 
conducted for eight minutes, after which enough material had been collected to observe any 
trends. The results of this test can be seen in Figure 7.4. Because of a limited supply of reagents 
and resources, this test could not be redone to double check the results. There was no increase in 
grade from this test and the recovery, although it did increase, was still low even after eight 
minutes. The recovery did increase logarithmically according to this equation: 


































Where t is time in minutes and the recovery is in percent. The grade did not increase 
according to any equation. The poor results of this test could be attributed to a larger grind size 
than intended or the collector’s inability to properly disperse in the solution during conditioning. 
 
Figure 7.4: The results of the large scale test using collector 8. The concentrates are cumulative 
by the minute. 
 
7.5 Test 14.1 
Of the two tests run with collector 14, this one was the most successful. It was conducted for 
8 minutes to obtain enough material for an analysis. The results of this test can be seen in Figure 
7.5. The results did not match up with the results of the bench scale test work. The grade and 
recovery of REO did follow logarithmic trends by these equations: 
 = 0.0556 ∗ ln( ) + 0.112   (7.4) 




































 Where t is time in minutes and the grade and recovery are in percent. The REO grade 
after one minutes was 15%, which was close to what was expected, but the REO recovery was 
only 12%. This test showed some selectivity to bastnaesite after the first minute, but after eight 
minutes the REO recovery was 23.3% while the recovery of the gangue minerals were 19.9% 
barite, 19.8% calcite and 13.9% of the silicates. Overall, the test results were poorer than 
expected. It is possible that the collector was unable to disperse properly in the slurry to assist in 
flotation or the grind size was too large.  
 
Figure 7.5: The results of the large scale test 14.1. The concentrates are cumulative by the 
minute. 
 
7.6 Test 14.2 
This was the final test completed with collector 14. The bench scale tests indicated that 
this test should have a REO grade around 20%. The large scale test was run for eight minutes to 
obtain enough material for analysis. The results of this test can be seen in Figure 7.6. This test 



































less than that of the feed grade. It showed no selectivity and seemed like it was recovering 
everything at the same rate. The REO recovery did follow a logarithmic progression as follows: 
 = 0.0451 ∗ ln( ) + 0.0062    (7.6) 
Where t is time in minutes and recovery is in percent. After eight minutes only 10.5% of 
the REO had been recovered to the concentrate along with 10.5% barite, 12.0% calcite and 
10.3% silicate minerals. It is possible that the collector was not able to disperse properly, since it 
had been dissolved in ethanol. Overall, this test was by far the worst large scale test, performing 
under what had been expected. 
 




Collector 2 performed similarly to how it did on the bench scale, while collectors 8 and 14 



































needed to be dissolved in ethanol, they may not have been able to disperse properly on the large 
scale. On the bench scale they were emulsified once they were place into solution, but on the 
large scale this was not possible. It was theorized that since the agitation was so much greater, 
that this would not be a problem for these collectors. The grind size may not have had a P80 of 50 
microns either. Grinding is overall unpredictable, a general rule can be established, but with 
different feeds the grind size could change drastically. This could cause problems in flotation on 
any scale. One test from collector 2 was by far the best result obtained from this test work. It had 
a REO grade of 44.4% after two minutes of flotation along with a REO recovery of 80.8%. It 
simultaneously proved its selectivity by recovering only 5.0% of the barite, 9.2% of the calcite 






CHAPTER 8:GRAVITY SEPARATION 
 
The gravity separation test work was completed using an ultrafine Falcon concentrator. This 
centrifugal concentrator is used for materials with a small particle sizes. The flotation 
concentrate from the large scale test 2.2 was used for this test. To be able to scale the Falcon 
results up to plant scale a concentrate weight is required. Since the bowl is only able to hold a 
limited amount of material, multiple passes needed to be made. For this test 1462.1 grams of the 
flotation concentrate were used. Each pass was run in succession, with the tailings from the 
previous pass being used as the feed for the next one. The flow rate was kept constant between 
all the passes at 5 L/min., although it was difficult to keep it consistent. The slurry density was 
15 weight percent solids for each pass and the rpms of the Falcon were kept at 1313 for all the 
passes. 
 The rare earth oxide (REO) head grade of the feed was 39.0% and for calcite it was 
11.3%. The difference in feed grade compared to the flotation product could be due to 
preferential splitting. The sample was split out using a Jones splitter. The results of each pass can 
be seen in Figure 8.1. As expected the REO recovery increases as the REO grade decreases. The 
CaO rejection is good, but the grade of the CaO is greater after pass three than what it was for 
the feed. Since CaO separation is the driving force for this project and the main gangue mineral 




Figure 8.1: Results of the gravity concentration stage. The concentrates are the cumulative 
concentrates after each pass. 
 
 This test needed to be modeled by weight percent in the concentrate to properly see the 
relationship between REO grade and calcite rejection. To scale the process up a weight percent 
of the feed is required. The results based on weight percent of recovered material can be seen in 
Figure 8.2. 
 
Figure 8.2: The relationship between weight percent of recovered material and grade and 




























































REO Grade REO Recovery CaO Grade CaO Recovery
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 From this relationship equations can be obtained. The equations for calcite grade and 
recovery can be expressed in polynomial form and are as follows: 
 = 0.0911 ∗ − 0.037 ∗ + 0.0582    (8.1) 
 = 1.1614 ∗ − 0.3569 ∗ + 0.1596   (8.2) 
 Where x is weight percent of the solids recovered and the grade and recovery are in 
percent. The relationship for REO grade and recovery can also be expressed in polynomial for as 
follows: 
 = −0.1648 ∗ + 0.0605 ∗ + 0.5048   (8.3) 
 = −0.6235 ∗ + 1.7502 ∗ − 0.0834   (8.4) 
 Where x is weight percent of solids in the concentrate and the grade and recovery are in 
percent. From these equations we can estimate grades and recoveries within the 37% solids 
removed and 82% solids recovered range. Since it is undesirable to lower the recovery of REO, a 
high recovery is required. A REO recovery of 90% or greater was desired from this process, so 
that the overall recovery of REO would be above 70% total, after accounting for flotation. For 
this recovery to be met 77.7% of the solids would need to be recovered. The REO grade is 
predicted to be 45.2%, with a CaO recovery of 58.2% and a CaO grade of 8.4%. With this 
process there is a slight decrease in grade of the calcite, but a significant amount will be 
removed, while still upgrading the REO grade. 
 The process of gravity separation after flotation did remove more of the calcite while 
retaining much of the REO, but the upgrade for REO was minimal. The calcite grade was not 
reduced significantly while still maintaining REO recovery as expected, although, at lower REO 
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recoveries the calcite is reduced significantly. The Falcon worked as a gravity separation device, 
but not as well as expected. Overall, the gravity separation technique used was not as effective as 





CHAPTER 9:ECONOMIC ANALYSIS 
The goal of this project was to test a process that decreases costs associated with reagent 
use. One of the largest costs comes from hydrochloric acid leaching of bastnaesite concentrates. 
Because the calcite is a high acid consumer, providing a process that selectively separates it is 
advantageous. This economic analysis was completed to compare the two processes. It is not a 
full economic analysis. The comparative processes chosen were rougher, cleaner and scavenger 
flotation, and just rougher flotation followed by a cleaner gravity stage. 
9.1 Assumptions 
A number of assumptions were made for this model. It was assumed that the 
infrastructure would not be needed, but new equipment would be for both processes. The capital 
costs were estimated based on a throughput of 100 tonnes of ore per hour, 2400 tonnes per day. 
Both circuits used collector 2 as the primary reagent for flotation. After the cleaner stages only 
the hydrochloric acid costs were considered. Hydrochloric acid’s primary purpose is to leach the 
bastnaesite, but calcite is also an acid consumer. For calculations involving acid consumption the 
bastnaesite leaching was not considered because it is necessary and consistent with how much 
rare earth oxide is recovered. For this analysis it was assumed that it was consumed 
stoichiometrically based on equation 9.1 and that no additional costs were incurred by the acid 
consumption: 
2 + → + +     (9.1) 
It was also assumed that no acid was recycled. The feed grade for both scenarios was 
assumed to be 8% REO and 17% calcite. For the flotation circuit it was assumed that the grade 
of the concentrate was 45% REO with a recovery of 80%, while for the float and gravity circuit 
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it was assumed that the concentrate grade was 50% REO with a recovery of 90% from the 
flotation concentrate. It was also assumed that for the flotation circuit concentrate the calcite 
grade was 9% with a recovery of 9% and for the flotation and gravity circuit the calcite grade 
was 7% with an additional rejection of 40%. The grades and their recoveries were calculated 
from the results shown in chapters 7 and 8. It was assumed that 90% of REO in the final 
concentrate was recovered from leaching and solvent extraction. The final products were high 
purity cerium oxide (>99.5%), lanthanum oxide (>99.5%), praseodymium (>99%) and 
neodymium oxide (>99.5%). It was assumed that the final REO product consisted of 50% 
cerium, 33% lanthanum, 4% praseodymium, and 12% neodymium. Taxes and other downstream 
capital and operating costs were not calculated for the final analysis. 
9.2 Capital Costs 
The capital equipment costs were estimated using CostMine 2017. The equipment and 
their associated costs are outlined in Table 9.1 for the flotation circuit, and Table 9.2 for the 
flotation and gravity circuit. 
 
Table 9.1: Capital equipment costs for the flotation circuit. 
Equipment Quantity Cost Per Unit 
Feeder 2 $16,005.59 
Jaw Crusher Double Toggle 1 $305,600.00 
SAG Mill (6.7x2.1 m) 1 $2,975,176.09 
SAG Motor 1 $87,701.86 
Conveyor Belt 1 $11,192.95 
Wet Ball Mill (4.3x7.9 m) 1 $2,412,897.52 
Ball Mill Motor 1 $186,278.76 
Cyclone (91.4 cm Diameter) 1 $18,691.46 
Regrind Ball Mill (3x3.7 m) 1 $955,402.17 
Rougher Tank Mixers (88.9 cm impeller diameter) 4 $25,214.29 




Table 2.2: Continued   
Solution Heaters (Natural Gas) 4 $78,657.61 
Rougher Float Cells (2.8 m3) 6 $38,917.70 
Rougher Drive Motors 6 $2,514.85 
Cleaner Conditioning Mixing Tank (88.9 cm impeller diameter) 1 $25,214.29 
Cleaner Float Cells (0.31 m3) 30 $18,801.09 
Cleaner Drive Motors 30 $1,216.86 
Rougher Scavenger Float Cells (1.13 m3) 6 $27,626.09 
Rougher Scavenger Driver Motors 6 $1,780.35 
Thickener 1 $380,132.76 




Table 9.2: Capital equipment costs for the flotation and gravity circuit. 
Equipment Quantity Cost Per Unit 
Feeder 2 $16,005.59 
Jaw Crusher Double Toggle 1 $305,600.00 
SAG Mill (6.7x2.1 m) 1 $2,975,176.09 
SAG Motor 1 $87,701.86 
Conveyor Belt 1 $11,192.95 
Wet Ball Mill (4.3x7.9 m) 1 $2,412,897.52 
Ball Mill Motor 1 $186,278.76 
Cyclone (91.4 cm Diameter) 1 $18,691.46 
Regrind Ball Mill (3x3.7 m) 1 $955,402.17 
Rougher Tank Mixers (88.9 cm impeller diameter) 4 $25,214.29 
Solution Heaters (Natural Gas) 4 $78,657.61 
Rougher Float Cells (2.8 m3) 6 $38,917.70 
Rougher Drive Motors 6 $2,514.85 
Ultrafine Falcon Concentrators (UF1500) 9 $150,000.00 
Thickener 1 $380,132.76 





The total capital costs were estimated using Mular’s “Factored Capital Cost Estimate 
Guide.” [39] From these factors the remaining capital costs were estimated. The factors and their 
corresponding estimates are shown in Table 9.3. 
 







Gravity) Factor Calculation Explanation 
Equipment Cost $9,100,000.00 $9,600,000.00 - - 
Installed 
Equipment Cost $13,000,000.00 $13,800,000.00 1.43 
Multiplied by equipment 
cost 
Piping $2,600,000.00 $2,800,000.00 0.2 
Multiplied by total 
installed equipment cost 
Instrumentation $1,600,000.00 $1,700,000.00 0.125 
Multiplied by total 
installed equipment cost 
Buildings and Site 
Development - - 0 
Multiplied by total 
installed equipment cost 
Auxiliaries - - 0 
Multiplied by total 
installed equipment cost 
Total Plant Cost $17,000,000.00 $18,300,000.00 -  
Engineering and 
Construction $6,000,000.00 $6,400,000.00 0.35 
Multiplied by total plant 
cost 
Contingencies $1,700,000.00 $1,800,000.00 0.1 
Multiplied by total plant 
cost 
Total Capital 
Cost $25,000,000.00 $26,500,000.00   
 
9.3 Operating Costs 
Miscellaneous operating costs were estimated from CostMine 2017. They took into 
account parts, natural gas cost and other necessary costs incurred over time. The operating cost 
from this for the flotation circuit was estimated to be $7,700,000.00 per year, and for the 
flotation and gravity circuit it was estimated to be $6,600,000.00 per year. 
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The collector cost was estimated from work done by Dylan Everly. [17] The cost of each 
reagent is shown in Table 8.4, along with the required amount per tonne of ore processed based 
on the reagents required for the best 10 kg flotation test. Using the estimated prices from Table 
9.4 the total reagent cost per year for the flotation circuit is $52,100,000.00 and for the flotation 
and gravity circuit it is $45,300,000.00.  
Table 9.4: Reagent costs for both economic analyses. 
Reagent kg/tonne ore Cost per kg 
Collector 3.45 $10.00 
Soda Ash 5.14 $1.10 
MIBC (frother) 0.01 $2.00 
 Flotation Only Flotation and Gravity  
Hydrochloric Acid (pure) 11.15 6.69 $1.74 
 
The labor costs were estimated from CostMine 2017. It was assumed that for both 
processing circuits a mill manager, metallurgist and mechanics were needed along with two 
persons in the control room. In the flotation circuit, it was assumed that only six laborers were 
needed while in the flotation and gravity circuit nine were needed. The hourly wages and total 
cost for each position are shown in Table 9.5. 
 
Table 9.5: Labor cost breakdown for both processing circuits. 





Total Cost (Flotation 
& Gravity) 
Mill Manager 1 1 $43.94 $91,200.00 $91,200.00 
Metallurgist 1 1 $39.54 $81,300.00 $81,300.00 
Mechanic 1 1 $28.01 $58,400.00 $58,400.00 
Laborers 6 9 $20.87 $260,300.00 $390,500.00 
Control Room 
Operator 2 2 $20.87 $86,800.00 $86,800.00 




Energy costs were estimated from the required horsepower for each machine outlined in 
Table 9.1 and Table 9.2. These estimates were obtained from CostMine 2017. The energy 
requirement for the flotation circuit was calculated to be 74,925 kWh per day and for the 
flotation and gravity circuit it was 78,010 kWh per day. The energy cost for the area in which the 
mine is situated was estimated at $0.12 per kWh. The total estimated energy cost per year for the 
flotation circuit is $3,300,000.00 and for the flotation and gravity circuit it is $3,400,000.00.  
The total operating cost for each circuit is shown in Table 9.6. Each cost is broken down 
into miscellaneous, reagent, labor and energy costs. 
 
Table 9.6: The total operating cost and breakdown for each circuit. 
Expense Total Cost (Flotation) Total Cost (Flotation & Gravity) 
Miscellaneous Operating 
Expenses $7,700,000.00 $6,600,000.00 
Reagent Cost $52,100,000.00 $45,300,000.00 
Labor Cost $578,000.00 $708,100.00 
Energy Cost $3,300,000.00 $3,400,000.00 
Total Operating Expense $63,700,000.00 $56,000,000.00 
 
9.4 Products 
The products are high purity cerium oxide, lanthanum oxide, praseodymium oxide and 
neodymium oxide. The price estimates were found in mineralprices.com. [11] The prices for the 
produced rare earth oxides are found in Table 9.7. 
 
Table 9.7: Product prices and total price per kilogram of REO produced. [11] 
Product price/kg % of REO Product $/kg of REO Produced 
Cerium Oxide (>99.5%) $2.00 50.0% $1.00 
Lanthanum Oxide (>99.5%) $2.00 33.0% $0.66 
Praseodymium (>99%) $85.00 4.0% $3.40 




9.5 Cash Flow Sheet and Analysis 
From these estimated costs for each circuit a cash flow sheet was developed for a 10 year 
analysis. The flotation cash flow sheet is shown in Table 9.8 and the flotation and gravity flow 
sheet is shown in Table 9.9. 
 The net present value (NPV), internal rate of return (IRR) and payback period for both 
conditions were calculated using the information in Tables 9.8 and 9.9. From these the best 
circuit can be determined. These values are shown in Table 9.10, assuming a discount rate of 
12%. 
Table 9.8: NPV, IRR and payback period for each project. 
 Flotation Flotation & Gravity 
NPV (i*=12%) $2,392,100,000.00 $2,156,100,000.00 
IRR 1700% 1500% 
Payback Period (years) 0.058 0.069 
 
 From these values it can be inferred that the flotation only circuit is more profitable, since 
the NPV and IRR are greater than that of the flotation and gravity circuit and the payback period 
is less. For a proper conclusion to be made an incremental NPV analysis was done to determine 
the best circuit. The incremental analysis was done by subtracting the net cash flow of the 
flotation circuit from that of the gravity circuit and calculating an NPV from that. It was found 
that the incremental NPV was -$325,000,000.00, meaning that the flotation circuit is the more 
profitable choice in the long run. For both projects to be equally profitable the incremental NPV 
will be $0.00. Since the price of hydrochloric acid is the driving economic force for this project, 
it was varied until the incremental NPV was $0.00. It was found that the price of pure 




Table 9.9: The before tax cash flow sheet for the flotation circuit for 10 years. 
 




 A sensitivity analysis was completed for each circuit and is shown in Figures 9.1 and 9.2. 
It illustrates how the NPV changes as a function of CAPEX, OPEX, total REO recovered and 
reagent cost. NPV is the most sensitive to the change in the total REO recovered in both models. 
This means that in this model the reagent cost is not as important as was once thought and that 
the total recovery of the valued minerals has the largest effect on the economics. The capital 
expenses, operating expenses and reagent costs do cause the NPV of the project to vary, but not 
to the degree of total REO recovered. 
 

















Figure 9.2: Sensitivity analysis of the flotation and gravity circuit. 
 
9.6 Economic Conclusions 
From the analysis outlined above the most economical circuit is the flotation circuit. The 
overall NPV and IRR are greater than those of the flotation and gravity circuit. Through an 
incremental analysis, it was concluded that the flotation only circuit is the most profitable. A 
more in-depth analysis would need to be conducted to determine the economic viability of either 
circuit. It was also determined that the price of hydrochloric acid would need to rise significantly 
for the flotation and gravity circuit to become economical. Sensitivity analyses were done for 
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK 
This rare earth separations study was done to find a process that incorporated flotation and 
gravity separation in an economical way to upgrade the rare earth content of an ore. The 
economic driving force for this project was the additional cost of hydrochloric acid consumption 
incurred by the presence of calcite. 
Flotation fundamentals were studied on a gravity concentrate and a run of mine ore sample. 
The fundamentals examined included zeta potential and adsorption. The PZC for each of these 
samples were 4.83 and 4.23, for the run of mine ore sample and the gravity concentrate, 
respectively. The adsorption density for each collector was measured for each sample. For the 
gravity concentrate multilayer adsorption seemed to occur more easily for collectors 2 and 5. It 
was found that for collectors 2 and 5 the adsorption onto the run of mine ore sample was less 
favorable than adsorption onto the gravity concentrate. It was also determined that the adsorption 
of collector 2 was the least favorable of any of the collectors. 
Microflotation experiments were conducted using the data from the flotation fundamentals. It 
was found that for the gravity concentrated ore the recovery of calcite was decreased, but the 
grade of the rare earth bearing minerals was also decreased in some cases. From these 
experiments it was determined that further study would focus on flotation followed by gravity 
separation. 
Bench scale flotation tests were conducted in an effort to find flotation conditions that were 
more favorable with the addition of more reagents. Collector 2 proved to have the best results for 




Of the large scale test work only one test proved to be promising. The same conditions that 
produced the best test on the bench scale also produced the best test on the large scale. After a 
two minute flotation the rare earth oxide grade was 44.4% and the recovery was 81% while 
rejecting 91% of the calcite. 
The concentrate from the best large scale flotation test was used for gravity separation on the 
ultrafine falcon concentrator. It was found that the falcon could reject another 40% of the calcite 
while still maintaining a rare earth oxide stage recovery of 90%. 
An economic study was done to determine which process was more economical. Capital and 
operating expenses were estimates along with the price of the rare earth products. An 
incremental NPV analysis was conducted to compare the flotation circuit to the flotation and 
gravity circuit. It was found that the flotation only circuit was more economical and that for the 
gravity circuit to be as economical as the flotation circuit the price of pure hydrochloric acid 
would need to increase from $1.74/kg to $67.73/kg. 
 Based on the economic analysis gravity separation using the ultrafine falcon concentrator 
after flotation is not as economical as using only flotation. Even though it was able to reject 
additional calcite, it could not overcome the additional operating expenses incurred by adding a 
gravity circuit. 
Recommendations for future work include a study looking into the mechanism by which 
collector 2 works. Also, since collector 2 is commercially available it would need to be 
determined if it could be produced on a larger scale. Further study can be done on the 
optimization of the flotation conditions for each of the collectors that were examined. It could be 
worth looking into why the other flotation reagents, besides collectors 2, did not work for large 
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scale flotation tests. Finally, locked cycle tests should be conducted while also including a study 
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APPENDIX A: RUN OF MINE ORE MINERALOGY 
 
Table A.1: The particle size analysis of the sample used for mineral liberation analysis. 
Sieve Fraction (US Mesh) Weight Percent 
+100 13.0% 
100 X 200 11.4% 
200 X 400 11.4% 




Table A.2: Content by mineral grouping in the ore sample. 
Mineral Group Weight Percent 
REE Minerals 16.30% 
Carbonates 39.70% 





Table A.3: Distribution of rare earths by mineral. 
Mineral Cerium Lanthanum Neodymium 
Bastnaesite 83.9% 83.2% 72.5% 
Parasite 7.7% 7.1% 24.9% 
Monazite 5.1% 6.3% 0.0% 
Synchysite 3.0% 3.0% 2.6% 
REE Silicate 0.3% 0.3% 0.0% 















Figure A.1: Back scatter electron image from the ore sample. 
 




























Figure A.3: Diffractogram with candidate phases for the ROM ore sample. 
 
Table A.6: The quantitative XRD analysis compared with the MLA analysis for the ROM ore 
sample. 
Phase Name XRD (%) MLA (%) 
Dolomite 44.6 16.2 
Calcite 25.3 21.3 
Barite 13.0 20.9 
Strontianite 6.8 1.6 
Quartz 4.8 6.0 
Bastnaesite 1.6 12.9 
Celestine 1.2 16.2 
Monazite 0.8 0.8 
Orthoclase (K-Feldspar) 0.7 4.1 
Annite (Biotite/muscovite) 0.6 1.6 
Synchysite 0.5 0.7 
Parasite 0.05 1.8 
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APPENDIX B: GRAVITY CONCENTRATE MINERALOGY 
 
Table B.1: The particle size analysis of the sample used for mineral liberation analysis. 








Figure B.1: The particle size distribution for the gravity concentrate. 
 
Table B.2: content of the gravity concentrate by mineral grouping. 
Mineral Group Weight Percent 
Sulfates, phosphates, fluorides & others 40.4% 
Carbonates 29.0% 














Table B.4: distribution of rare earths by mineral in the gravity concentrate in weight percent. 
Mineral Cerium Lanthanum Neodymium 
Bastnaesite 84.8% 87.8% 84.5% 
Parasite 3.3% 2.3% 2.0% 
Monazite 8.5% 6.5% 9.8% 
Synchysite 3.3% 3.2% 3.6% 
Allanite 0.2% 0.1% 0.1% 
Total 100% 100% 100% 
 
 




Figure B.3: The back scattered electron image of the gravity concentrate. 
 
Table B.5: The rare earth grade and distribution by sieve size fraction. 
 Grade (Weight Percent) Distribution 
Sieve Fraction 
(US Mesh) Cerium Lanthanum Neodymium Cerium Lanthanum Neodymium 
100 3.03% 2.08% 0.84% 0.00% 0.00% 0.00% 
100X200 2.51% 1.75% 0.84% 0.50% 0.50% 0.50% 
200X400 5.84% 4.10% 4.10% 24.70% 24.90% 24.60% 



























APPENDIX C: BET ANALYSIS 
 
Table C.1: Data used for the BET analysis of the ore sample. 
Sample weight (g) 0.2881 
Standard volume (cm3) 8.966 
Dead volume (cm3) 15.21 
Equilibrium time (sec) 0 
Adsorptive N2 
Apparatus temperature (0C) 0 
Adsorption temperature (K) 77.000 
Saturated vapor pressure (kPa) 84.162 
Adsorption cross section area (nm2) 0.162 
 
Table C.2: Summary of the BET analysis for the ore sample. 
Vm (cm3(STP)/g) 0.754 
as,BET (m2/g) 3.2816 
C 513.03 
Total pore volume(p/p0=0.990) 0.016172 




Figure C.1: The BET plot for the ore sample. 
 
Table C.3: data used for the BET analysis of the gravity concentrate. 
Sample weight (g) 0.2368 
Standard volume (cm3) 8.966 
Dead volume (cm3) 15.045 
Equilibrium time (sec) 0 
Adsorptive N2 
Apparatus temperature (0C) 0 
Adsorption temperature (K) 77.000 
Saturated vapor pressure (kPa) 84.192 















Table C.4: Summary of the BET analysis for the gravity concentrate. 
Vm (cm3(STP)/g) 0.2152 
as,BET (m2/g) 0.93687 
C 1084.1 
Total pore volume(p/p0=0.990) 0.0049125 
Mean pore diameter 20.974 
 
 















APPENDIX D: ADSORPTION DENSITY 
 
Figure D.1: The calibration curve used for solutions using collector 2. 
Table D.1: The equilibrium time data for collector 2 on the ore sample. 





0.0 0.850 1.00E-03 0.00E+00 0.00 
0.2 0.845 9.94E-04 5.55E-06 0.34 
1.0 0.821 9.66E-04 3.38E-05 2.06 
2.0 0.727 8.56E-04 1.44E-04 8.80 
3.0 0.753 8.86E-04 1.14E-04 6.94 
4.0 0.654 7.70E-04 2.30E-04 14.04 
5.0 0.702 8.26E-04 1.74E-04 10.60 
 
Table D.2: The equilibrium time data for collector 2 on the gravity concentrate. 





0.0 0.850 1.00E-03 0.00E+00 0.00 
0.2 0.831 9.78E-04 2.20E-05 4.70 
1.0 0.827 9.73E-04 2.67E-05 5.71 
2.0 0.757 8.91E-04 1.09E-04 23.29 
3.0 0.737 8.67E-04 1.33E-04 28.32 
4.0 0.723 8.51E-04 1.49E-04 31.84 





















Figure D.2: The calibration curve for solutions using collector 5. 
Table D.3: The equilibrium time data for collector 5 on the ore sample. 





0.0 0.373 1.00E-03 0 0.00 
0.2 0.353 9.47E-04 5.27E-05 3.21 
1.0 0.327 8.78E-04 1.22E-04 7.46 
2.0 0.283 7.59E-04 2.41E-04 14.66 
3.0 0.252 6.76E-04 3.24E-04 19.73 
4.0 0.215 5.77E-04 4.23E-04 25.78 
5.0 0.193 5.18E-04 4.82E-04 29.38 
 
Table D.4: The equilibrium time data for collector 5 on the gravity concentrate. 





0.0 0.373 1.00E-03 0.00E+00 0.00 
0.2 0.363 9.74E-04 2.58E-05 5.51 
1.0 0.357 9.58E-04 4.19E-05 8.95 
2.0 0.333 8.94E-04 1.06E-04 22.70 
3.0 0.284 7.62E-04 2.38E-04 50.77 
4.0 0.306 8.21E-04 1.79E-04 38.17 


























Figure D.3: The calibration curve for solutions using collector 8. 
Table D.5: The equilibrium time data for collector 8 on the ore sample. 





0.0 0.974 1.00E-03 0.00 0.00 
0.2 0.274 2.81E-04 7.19E-04 43.79 
1.0 0.324 3.33E-04 6.67E-04 40.66 
2.0 0.245 2.52E-04 7.48E-04 45.61 
3.0 0.417 4.28E-04 5.72E-04 34.84 
4.0 0.212 2.18E-04 7.82E-04 47.67 
5.0 0.427 4.39E-04 5.61E-04 34.21 
 
Table D.6: The equilibrium time data for collector 8 on the gravity concentrate. 





0.0 0.974 1.00E-03 0.00E+00 0.00 
0.2 0.456 4.68E-04 5.32E-04 113.49 
1.0 0.491 5.04E-04 4.96E-04 105.81 
2.0 0.346 3.55E-04 6.45E-04 137.61 
3.0 0.383 3.93E-04 6.07E-04 129.49 
4.0 0.352 3.62E-04 6.38E-04 136.29 






















Table D.7: The adsorption data from the ore sample used with collector 2. 
Concentration 









2.50E-03 9.5 1.850 2.24 -4.69 15.58 
1.00E-03 9.5 0.758 0.86 -4.88 8.39 
7.50E-04 9.5 0.586 0.67 -4.74 5.08 
5.00E-04 9.5 0.384 0.44 -4.83 3.85 
2.50E-04 9.5 0.181 0.21 -5.05 2.69 
1.00E-03 12 0.838 0.95 -4.20 2.85 
1.00E-03 11 0.858 0.98 -3.79 1.46 
1.00E-03 9.5 0.829 0.94 -4.32 3.47 
1.00E-03 8 0.844 0.96 -4.10 2.43 
1.00E-03 6.5 0.832 0.95 -4.28 3.26 
1.00E-03 3.5 0.792 0.90 -4.67 6.04 
 
Table D.8: The adsorption data from the gravity concentrate used with collector 2. 
Concentration 









2.50E-03 9.5 1.782 2.16 -5.60 72.17 
1.00E-03 9.5 0.786 0.89 -5.44 22.61 
7.50E-04 9.5 0.611 0.70 -5.20 11.73 
5.00E-04 9.5 0.389 0.44 -5.49 12.27 
2.50E-04 9.5 0.196 0.22 -5.45 5.77 
1.00E-03 11.5 0.879 1.00 -1.33 0.02 
1.00E-03 10.5 0.820 0.93 -5.15 14.35 
1.00E-03 9.5 0.820 0.93 -5.15 14.35 
1.00E-03 8 0.809 0.92 -5.26 17.02 
1.00E-03 6.5 0.861 0.98 -4.43 4.39 










Table D.9: The adsorption data from the ore sample using collector 5. 
Concentration 









2.50E-03 9.5 0.801 2.06 -5.95 125.62 
1.00E-03 9.5 0.312 0.80 -5.95 48.93 
7.50E-04 9.5 0.234 0.60 -5.95 36.70 
5.00E-04 9.5 0.149 0.38 -5.95 23.37 
2.50E-04 9.5 0.084 0.22 -5.95 13.17 
1.00E-03 11.5 0.351 0.90 -5.95 55.05 
1.00E-03 10.5 0.320 0.82 -5.95 50.18 
1.00E-03 9.5 0.309 0.80 -5.95 48.46 
1.00E-03 8 0.357 0.92 -5.95 55.99 
1.00E-03 6.5 0.358 0.92 -5.95 56.14 
1.00E-03 3.5 0.383 0.99 -5.95 60.06 
 














2.50E-03 9.5 0.837 2.15 -5.82 73.91 
1.00E-03 9.5 0.328 0.84 -5.90 33.30 
7.50E-04 9.5 0.249 0.64 -5.86 23.33 
5.00E-04 9.5 0.159 0.41 -6.01 19.40 
2.50E-04 9.5 0.080 0.21 -5.99 9.42 
1.00E-03 
11.
5 0.354 0.91 -5.53 19.02 
1.00E-03 
10.
5 0.334 0.86 -5.83 30.00 
1.00E-03 9.5 0.316 0.81 -6.03 39.89 
1.00E-03 8 0.369 0.95 -5.18 10.78 
1.00E-03 6.5 0.359 0.92 -5.43 16.27 







Table D.11: The adsorption data from collector 8 and the ore sample. 
Concentration 









2.50E-03 9.5 1.968 2.05 -6.16 124.96 
1.00E-03 9.5 0.146 0.15 -6.16 9.27 
7.50E-04 9.5 0.196 0.20 -6.16 12.45 
5.00E-04 9.5 0.178 0.19 -6.16 11.30 
2.50E-04 9.5 0.226 0.24 -6.16 14.35 
1.00E-03 11.5 0.746 0.78 -6.16 47.37 
1.00E-03 10.5 0.556 0.58 -6.16 35.30 
1.00E-03 9.5 0.146 0.15 -6.16 9.27 
1.00E-03 8 0.168 0.18 -6.16 10.67 
1.00E-03 6.5 0.162 0.17 -6.16 10.29 
1.00E-03 3.5 0.627 0.65 -6.16 39.81 
 
Table D.12: The adsorption data from the gravity concentrate and collector 8. 
Concentration 








2.50E-03 9.5 2.055 2.14 -5.64 76.65 
1.00E-03 9.5 0.314 0.33 -7.10 143.64 
7.50E-04 9.5 0.205 0.21 -7.22 114.51 
5.00E-04 9.5 0.128 0.13 -7.27 78.27 
2.50E-04 9.5 0.219 0.23 -5.32 4.66 
1.00E-03 11.5 0.866 0.90 -5.39 20.87 
1.00E-03 10.5 0.875 0.91 -5.32 18.87 
1.00E-03 9.5 0.401 0.42 -6.87 124.29 
1.00E-03 8 0.096 0.10 -7.96 192.13 
1.00E-03 6.5 0.098 0.10 -7.95 191.68 





APPENDIX E: ZETA POTENTIAL 
 
Table E.1: The zeta potential data for the ore in water. 































Table E.2: The zeta potential data for the gravity concentrate in water. 

































Table E.3: The data from zeta potential for the ore in collector 2. 
pH 





























































































































































































Table E.5: The zeta potential data for the ore with collector 5. 
pH 












































































































Table E.6: The zeta potential measurement data from the gravity concentrate with collector 5. 
pH 
Potential 











































































































Table E.7: The zeta potential of the ore with collector 8. 
pH 
Potential 








































































Table E.8: The zeta potential of the gravity concentrate with collector 8. 
pH 
Potential 
































































































Table E.9: The zeta potential of the ore with collector 14. 
pH 
Potential 






























































































APPENDIX F: MICROFLOTATION 
 
Table F.1: The results of the microflotation tests on the ore using collector 2. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 18.8% 11.36 7.47 4.90 9.80 19.3% 8.6% 6.8% 33.2% 
10 5.00E-04 26.0% 31.89 21.86 12.88 23.83 54.4% 28.6% 21.3% 68.2% 
10.5 5.00E-04 17.1% 20.08 10.67 8.72 17.35 27.9% 10.5% 10.6% 43.5% 
Tailings 
9.5 5.00E-04 81.2% 10.96 18.42 15.58 4.55 80.7% 91.4% 93.2% 66.8% 
10 5.00E-04 74.0% 9.41 19.25 16.77 3.90 45.6% 71.4% 78.7% 31.8% 
10.5 5.00E-04 82.9% 10.77 18.81 15.18 4.66 72.1% 89.5% 89.4% 56.5% 
 
 
Table F.2: The results of the microflotation tests on the gravity concentrate using collector 2. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 37.3% 23.74 8.35 2.74 17.30 46.1% 22.9% 14.9% 59.6% 
10 5.00E-04 35.5% 25.45 7.02 2.71 18.77 49.1% 17.6% 12.6% 63.9% 
10.5 5.00E-04 36.4% 26.47 6.75 2.70 17.25 51.6% 17.9% 13.7% 59.0% 
Tailings 
9.5 5.00E-04 62.7% 16.52 16.70 9.33 6.98 53.9% 77.1% 85.1% 40.4% 
10 5.00E-04 64.5% 14.53 18.10 10.31 5.84 50.9% 82.4% 87.4% 36.1% 






Table F.3: The microflotation results of collector 5 using the ore sample. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 36% 13.61 15.88 11.71 9.46 40.4% 38.1% 32.5% 54.8% 
10 5.00E-04 30% 13.50 16.70 11.03 9.73 33.1% 32.2% 26.0% 45.9% 
10.5 5.00E-04 26% 13.19 17.28 10.88 9.55 28.3% 28.7% 21.6% 40.4% 
Tailings 
9.5 5.00E-04 63.7% 12.97 16.64 15.72 5.04 59.6% 61.9% 67.5% 45.2% 
10 5.00E-04 70.0% 12.81 16.51 14.74 5.38 66.9% 67.8% 74.0% 54.1% 
10.5 5.00E-04 74.2% 12.84 16.50 15.23 5.43 71.7% 71.3% 78.4% 59.6% 
 
 
Table F.4: The microflotation results from collector 5 on the gravity concentrate. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 30% 19.65 14.64 6.45 10.85 33.6% 36.7% 28.8% 31.9% 
10 5.00E-04 55% 18.70 14.12 6.45 13.52 61.1% 64.8% 54.8% 73.9% 
10.5 5.00E-04 29% 18.42 14.21 5.46 13.88 29.5% 34.5% 24.4% 39.6% 
Tailings 
9.5 5.00E-04 69.8% 19.30 12.55 7.94 11.48 66.4% 63.3% 71.2% 68.1% 
10 5.00E-04 45.1% 19.86 12.78 8.86 7.94 38.9% 35.2% 45.2% 26.1% 








Table F.5: The microflotation results from collector 8 on the ore sample. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 25% 16.17 17.42 8.11 10.16 32.3% 25.5% 15.1% 36.0% 
10 5.00E-04 48% 16.88 17.88 6.73 9.24 64.6% 49.3% 23.3% 69.0% 
10.5 5.00E-04 46% 18.02 16.77 6.53 10.00 67.4% 43.7% 21.1% 73.0% 
Tailings 
9.5 5.00E-04 74.7% 11.49 17.22 15.38 6.12 67.7% 74.5% 84.9% 64.0% 
10 5.00E-04 51.9% 8.58 17.04 20.47 3.84 35.4% 50.7% 76.7% 31.0% 
10.5 5.00E-04 54.0% 7.44 18.43 20.85 3.16 32.6% 56.3% 78.9% 27.0% 
 
 
Table F.6: The microflotation results from collector 8 on the gravity concentrate. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 60% 20.47 13.44 4.52 13.37 66.1% 57.0% 36.5% 77.4% 
10 5.00E-04 59% 20.46 13.31 4.29 13.97 64.7% 54.7% 33.8% 75.5% 
10.5 5.00E-04 69% 20.98 13.39 4.47 13.38 78.1% 64.1% 39.6% 85.4% 
Tailings 
9.5 5.00E-04 40.0% 15.80 15.26 11.81 5.86 33.9% 43.0% 63.5% 22.6% 
10 5.00E-04 41.5% 15.76 15.59 11.85 6.39 35.3% 45.3% 66.2% 24.5% 








Table F.7: The results of microflotation on the ore using collector 14. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 37% 15.24 17.88 9.55 7.02 43.0% 41.5% 30.2% 41.6% 
10 5.00E-04 51% 14.76 17.94 12.04 7.01 57.4% 53.5% 45.6% 54.5% 
10.5 5.00E-04 40% 14.79 18.17 10.38 7.48 44.8% 41.8% 32.8% 43.8% 
Tailings 
9.5 5.00E-04 62.7% 12.32 15.36 13.45 5.99 57.0% 58.5% 69.8% 58.4% 
10 5.00E-04 49.5% 11.76 16.73 15.39 6.29 42.6% 46.5% 54.4% 45.5% 
10.5 5.00E-04 60.5% 12.24 16.99 14.27 6.45 55.2% 58.2% 67.2% 56.2% 
 
 
Table F.8: The microflotation results of collector 14 on the gravity concentrate. 
    Grade (%) Recovery 
 pH Concentration (M) Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
9.5 5.00E-04 70% 20.10 14.65 5.15 11.58 71.8% 73.5% 55.3% 69.7% 
10 5.00E-04 80% 20.11 14.88 5.11 10.10 83.2% 84.8% 64.9% 77.7% 
10.5 5.00E-04 66% 20.54 14.72 4.63 10.36 68.9% 70.3% 48.8% 61.9% 
Tailings 
9.5 5.00E-04 30.3% 18.16 12.11 9.55 11.57 28.2% 26.5% 44.7% 30.3% 
10 5.00E-04 19.5% 16.73 11.03 11.38 11.93 16.8% 15.2% 35.1% 22.3% 





APPENDIX G: BENCH SCALE FLOTATION 
 
Table G.1: The bench flotation data from collector 2. 
   Grade (%) Recovery 
 Test Number Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
2.1 15% 5.57 9.94 2.92 41.78 5.1% 8.9% 4.6% 70.2% 
2.2 33% 7.79 18.55 4.42 23.06 16.7% 35.3% 15.9% 84.7% 
2.3 0% 0.00 0.00 0.00 0.00 0.0% 0.0% 0.0% 0.0% 
2.4 39.9% 7.59 21.28 4.05 18.47 20.3% 47.6% 16.8% 91.3% 
2.5 40.1% 10.00 19.54 5.14 17.49 34.6% 58.6% 51.9% 92.5% 
2.6 31.1% 9.13 18.63 5.20 19.54 24.3% 50.1% 44.6% 82.5% 
Tailings 
2.1 85% 17.7 17.6 10.5 3.07 94.9% 91.1% 95.4% 29.8% 
2.2 67% 19.1 16.7 11.4 2.04 83.3% 64.7% 84.1% 15.3% 
2.3 100% 12.3 16.3 9.05 9.01 100.0% 100.0% 100.0% 100.0% 
2.4 60% 19.8 15.6 13.3 1.17 79.7% 52.4% 83.2% 8.7% 
2.5 60% 12.7 9.25 3.19 0.95 65.4% 41.4% 48.1% 7.5% 





Table G.2: The bench flotation data collected from collector 5. 
   Grade (%) Recovery 
 Test Number Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
5.1 68% 14.85 19.12 4.27 13.19 65.2% 79.8% 32.0% 91.7% 
5.2 57% 13.71 18.15 6.81 12.33 51.9% 60.7% 38.9% 89.7% 
5.3 77% 15.77 18.30 6.35 10.62 80.4% 81.0% 50.1% 95.9% 
5.4 36% 12.90 16.84 3.15 20.80 29.5% 35.6% 12.2% 86.5% 
Tailings 
5.1 32% 17.2 10.5 19.7 2.58 34.8% 20.2% 68.0% 8.3% 
5.2 43% 16.9 15.6 14.2 1.88 48.1% 39.3% 61.1% 10.3% 
5.3 23% 12.6 14.1 20.8 1.48 19.6% 19.0% 49.9% 4.1% 
5.4 64% 17.3 17 12.7 1.81 70.5% 64.4% 87.8% 13.5% 
 
 
Table G.3: The bench flotation data for tests using collector 8. 
   Grade (%) Recovery 
 Test Number Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
8.1 38% 5.35 23.90 2.84 19.57 13.5% 52.9% 11.9% 85.0% 
8.2 30% 11.68 14.62 6.88 20.77 22.8% 26.1% 21.3% 69.2% 
8.3 14% 13.01 16.99 8.98 10.68 11.9% 13.5% 12.9% 16.4% 
8.4 33% 10.09 16.07 6.00 21.17 21.8% 31.4% 21.0% 87.4% 
Tailings 
8.1 62% 21.5 13.3 13.2 2.15 86.5% 47.1% 88.1% 15.0% 
8.2 70% 17 17.8 10.9 3.98 77.2% 73.9% 78.7% 30.8% 
8.3 86% 15.1 17 9.47 8.53 88.1% 86.5% 87.1% 83.6% 





Table G.4: The bench flotation data for collector 14. 
   Grade (%) Recovery 
 Test Number Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 
14.1 66% 12.07 19.02 7.59 12.23 53.9% 72.5% 51.8% 95.9% 
14.2 67% 12.36 18.63 7.76 12.84 56.9% 70.0% 52.9% 96.2% 
14.3 30% 11.53 15.43 6.69 20.14 22.0% 27.4% 21.1% 67.6% 
14.4 21% 13.80 17.16 9.00 11.72 19.4% 20.8% 19.9% 30.2% 
Tailings 
14.1 34% 20.4 14.3 13.9 1.04 46.1% 27.5% 48.2% 4.1% 
14.2 33% 19.2 16.3 14.1 1.02 43.1% 30.0% 47.1% 3.8% 
14.3 70% 17.3 17.2 10.5 4.07 78.0% 72.6% 78.9% 32.4% 





APPENDIX H: LARGE SCALE FLOTATION 
 
Table H.1: The data from test 2.1. 
 Grade (%) Recovery 
 Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
Concentrate 18% 14.4 17.6 8.69 9.32 16.7% 18.3% 16.5% 18.7% 




Table H.2: The data from test 2.2. 
 Grade Recovery 
Concentrate Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 13% 3.7% 7.0% 2.2% 49.9% 3.1% 5.6% 3.3% 69.8% 
2 17% 4.7% 8.9% 2.9% 44.4% 5.0% 9.2% 5.6% 80.8% 





Table H.3: The data from test 2.3. 
 Grade Recovery 
Concentrate Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 8% 7.9% 13.3% 5.0% 30.4% 4.2% 6.3% 4.5% 26.9% 
2 13% 8.6% 14.1% 5.5% 27.3% 7.6% 11.0% 8.2% 39.6% 
3 16% 9.0% 14.3% 5.7% 26.1% 9.7% 13.7% 10.4% 46.4% 
4 19% 9.2% 14.5% 5.9% 25.2% 11.3% 15.7% 12.0% 50.7% 
5 21% 9.6% 14.8% 6.1% 24.1% 13.2% 18.0% 14.1% 54.6% 
6 22% 9.7% 14.9% 6.2% 23.7% 14.2% 19.2% 15.1% 56.9% 
7 23% 9.8% 15.0% 6.2% 23.4% 15.1% 20.4% 16.1% 59.3% 
8 24% 9.9% 15.0% 6.3% 23.0% 16.0% 21.4% 17.0% 61.0% 
Tailings 76% 16.9% 17.9% 10.0% 4.8% 84.0% 78.6% 83.0% 39.0% 
 
Table H.4: The data from test 8.1. 
 Grade Recovery 
Concentrate Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 5% 14.5% 17.7% 9.5% 7.6% 5.1% 5.4% 5.0% 4.2% 
2 7% 14.5% 17.5% 9.4% 8.1% 7.2% 7.6% 7.0% 6.3% 
3 9% 14.5% 17.3% 9.4% 8.2% 8.6% 8.9% 8.3% 7.6% 
4 10% 14.5% 17.3% 9.4% 8.2% 9.7% 10.1% 9.3% 8.5% 
5 11% 14.4% 17.3% 9.3% 8.2% 10.6% 11.1% 10.2% 9.5% 
6 12% 14.4% 17.3% 9.3% 8.3% 11.8% 12.4% 11.4% 10.6% 
7 13% 14.4% 17.3% 9.3% 8.3% 12.6% 13.3% 12.2% 11.4% 
8 14% 14.4% 17.3% 9.3% 8.3% 13.3% 14.0% 12.8% 12.0% 





Table H.5: The resulting data obtained from test 14.1. 
 Grade Recovery 
Concentrate Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 8% 16.9% 15.3% 4.2% 14.8% 8.3% 7.3% 3.6% 11.8% 
2 10% 16.9% 15.7% 4.3% 14.0% 11.1% 10.0% 4.9% 14.9% 
3 12% 16.6% 16.0% 5.0% 13.2% 13.0% 12.1% 6.7% 16.8% 
4 14% 16.5% 16.2% 5.3% 12.8% 14.2% 13.5% 7.8% 18.0% 
5 15% 16.4% 16.2% 5.8% 12.5% 16.1% 15.3% 9.7% 20.0% 
6 17% 16.2% 16.4% 6.1% 12.1% 17.5% 17.0% 11.3% 21.2% 
7 19% 16.1% 16.5% 6.4% 11.7% 19.1% 18.9% 13.0% 22.5% 
8 20% 16.0% 16.5% 6.5% 11.6% 19.9% 19.8% 13.9% 23.3% 
Tailings 80% 15.7% 16.3% 9.8% 9.2% 80.1% 80.2% 86.1% 76.7% 
 
Table H.6: The data obtained from test 14.2. 
 Grade Recovery 
Concentrate Weight Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 2% 15.3% 17.9% 6.7% 7.8% 1.7% 1.9% 1.3% 1.5% 
2 3% 15.1% 18.0% 7.3% 7.8% 3.2% 3.7% 2.7% 2.9% 
3 5% 15.4% 17.3% 7.8% 8.9% 5.1% 5.6% 4.5% 5.2% 
4 7% 15.4% 17.2% 7.9% 9.1% 6.3% 6.9% 5.7% 6.5% 
5 8% 15.1% 17.3% 8.2% 8.9% 7.5% 8.4% 7.1% 7.8% 
6 9% 15.1% 17.4% 8.3% 8.7% 8.7% 9.8% 8.3% 8.8% 
7 10% 15.1% 17.4% 8.3% 8.6% 9.7% 10.9% 9.3% 9.7% 
8 11% 15.1% 17.5% 8.4% 8.5% 10.5% 12.0% 10.3% 10.5% 





APPENDIX I: GRAVITY TEST RESULTS 
 
Table I.1: The data obtained from the gravity test. 
 Grade Recovery 
Concentrate 
Weight 
Percent BaO CaO SiO2 REO BaO CaO SiO2 REO 
1 37% 5.0% 5.7% 1.4% 50.5% 34.5% 18.5% 15.8% 47.4% 
2 66% 5.0% 7.3% 2.0% 47.3% 62.2% 42.8% 39.8% 79.9% 
3 82% 5.0% 8.9% 2.5% 44.4% 76.6% 64.6% 61.5% 93.2% 
Tailings 18% 6.8% 22.0% 7.0% 14.7% 23.4% 35.4% 38.5% 6.8% 
 
 




Figure I.2: The concentrate from the first pass in the Falcon. 
 




Figure I.4: The concentrate of the third Falcon pass. 
 
